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  INTRODUCTION 
 Why another book on origins? One reason is that
 there is a great deal of interest in origins among
 both Christians and non-Christians. A deeper
 reason is that we believe truth matters. Like Au-
gustine, we believe that “every good and true
 Christian [should] understand that wherever truth
 may be found, it belongs to his Master.”   All truth
 is God's truth and is found in the sciences, history,
 and the arts as well as in the Bible. God's creation
 is multifaceted, and to grasp truth about the cre-
ation, we need all the different fields of knowledge.
 The sciences have much to contribute to our under-
standing of origins. Likewise, just as the psalmist
 in Psalm  gleaned insight into God's character
 and love for the creation through observations of
 nature, modern scientific study allows us to deepen
 and enrich these insights in ways that expand our
 vision of the Creator and Redeemer of all things.
 This is a book about mainstream scientific the-
ories of origins in astronomy and cosmology
 (origin of the universe), chemistry (origin of life),
 geology (origin of the Earth and solar system), bi-
ology (origin of species), and physical anthropology
 and genetics (human origins). But it is more than a
 book about these theories and the evidence and
 inferences supporting them. It is also a book about
 biblical and theological perspective on the sciences
 of origins. We believe that the Bible is the authori-
tative Word of God for faith and practice as be-
lievers. As God's inspired revelation, even though it
 was written in historical and cultural contexts very
 1
  Augustine, 
 On Christian Doctrine   .., in   The Nicene and
 Post-Nicene Fathers, trans. J. F. Shaw, first series, vol.  (Grand
 Rapids: Eerdmans, ), .
 different from ours, the Bible still gives us insight
 for how to understand and engage these scientific
 theories. It is a high calling and challenge to take
 the Scriptures seriously as authoritative and re-
sponsibly live by their principles as we seek to take
 what God's creation reveals to us seriously. It is our
 hope that this book communicates both how chal-
lenging this calling is and something of the rigor
 required to carry it out well.
 A Christian might wonder why the age of the
 Earth or the universe matters, or whether
 searching for exactly how life began or how
 species diversified matters if God did it all.
 Whether everything took place in the span of six
 calendar days or over eons of time, as long as God
 is Creator, is that not enough? You are reading a
 book-length answer to these questions, but in a
 nutshell it matters because truth matters. We be-
lieve that our knowledge, awe, and wonder of
 God, as well as our understanding of our place in
 and relationship to creation, are all enhanced by
 discovering truth about God's creation. Fur-
thermore, scientific issues are often stumbling
 blocks for the gospel, and we believe that the
 more Christians understand about the sciences—
 particularly on origins questions—the more op-
portunities they will have for gospel conversa-
tions free of these obstacles.
 This book has a rather unique purpose that we
 have found to be valuable for Christian liberal-arts
 education and for broader understanding of the
 world we live in. It is based on the authors' two
 decades of experience teaching Theories of Origins,
 a general-education science course at Wheaton
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 College for non-science majors.   Our experience is
 that perceived tensions between scientific and bib-
lical accounts of origins are defused when () the
 cultural-historical contexts of biblical texts are un-
derstood, () a comprehensive trinitarian doctrine
 of creation is explored and applied, and () the
 powers and limits of science and theology are
 properly defined and their historical engagement
 is discussed. This is part of what it means to take
 the inspiration and authority of the Bible seriously
 while also taking God's creation seriously.
 We do not cover all theories of origins out there.
 This is not a “four views” book where competing
 theories of origins have been briefly sketched and
 some arguments for and against each are reviewed.
 There are several such books available and, while
 valuable, they also have their limitations. Instead,
 Understanding Scientific Theories of Origins   focuses
 on detailed presentations of the best contemporary
 scientific theories for the creation of the universe,
 Earth, life, diversity of life, and humankind. Our
 aim is for the reader to explore the sophistication
 of modern scientific work on origins questions and
 to understand the evidence and inferences leading
 to scientific understanding and paradigm shifts.
 The book also includes historical material because
 this aids in comprehending how scientific ideas
 have developed and interacted with theology.
 Although they have their place, one of the lim-
itations of “four views” books is that, because of
 their format, they cannot explain the actual scien-
tific work scientists do in astronomy, biology,
 chemistry, and geology. Consequently, such books
 tend to leave readers with a choice to make about
 a particular scientific question about origins, but
 inadequately equipped to draw well-reasoned
 conclusions. The unintended consequence is that
 2
 A detailed summary of the content and pedagogy of the course
 was reported in Stephen O. Moshier, Dean Arnold, Larry L.
 Funck, Raymond J. Lewis, Albert J. Smith, John H. Walton, and
 William R. Wharton,   Perspectives on Science and Christian Faith
  (December ): -, www.asa.org/ASA/PSCF/ 
  /PSCF-Moshier.pdf. 
 readers end up with misunderstandings about the
 sciences and their processes as well as misimpres-
sions that scientific truth is determined by ma-
jority vote. In contrast, we seek to communicate
 the actual science involved in different origins
 questions and the processes by which scientists
  develop their conclusions. 
 Currently no full-fledged discussion of the sci-
entific narrative of origins from the Big Bang
 through humankind, accessible to a lay audience,
 with biblical and theological perspective, exists.
 Popular treatments of components of the scien-
tific origin story from a secular standpoint tend
 to be agnostic at best on questions of faith and at
 worst antagonistic. Meanwhile, many authors
 who write about this subject from a Christian
 viewpoint tend toward a concordist interpre-
tation (§§ .-.). They bend either their inter-
pretation of the biblical account and/or their
 analysis of science to bring the two into corre-
spondence. Others are so strongly committed to
 a particular hermeneutic or apologetic agenda in
 understanding Genesis  that their engagement
 with the scientific data proper considers neither
 the complexity nor the many strengths of con-
temporary scientific work. Our book fills this gap
 while taking the inspiration and authority of the
 Bible seriously as we seek to respect and honor
 God's revelation through the creation.
 In many Western societies, it is common to
 think that science and religion are, and always
 have been, in conflict. A parallel aim of our book is
 for readers to develop biblical and theological prin-
ciples for interpreting scientific theories and un-
derstanding them from a thoughtful Christian
 context. Our fundamental assumption is that when
 interpreted well, the Scriptures and the creation
 are not in conflict.
 We realize that the material in this book will
 present varying degrees of challenge to different
 readers. In particular, readers who have grown up
 in churches or who have read only literature where
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 “Christian alternatives” to mainstream scientific
 theories of origins have been endorsed will find this
 book not only challenging but perhaps disturbing.
 We have some brief remarks about some of these
 alternatives, but these remarks mostly focus on
 ways in which these alternatives, so popular in
 some Christian circles, have significant inade-
quacies both theologically and scientifically.
 Some of the authors of this book grew up in
 such circles or were significantly influenced in their
 early years by alternatives such as young-Earth cre-
ationism. So we understand that there is a deep
 allure to these alternatives that seem to present
 clear, tidy answers to origins questions whereas the
 mainstream scientific theories are less clear-cut
 and more complex by comparison. Nevertheless,
 we believe that being biblically responsible to God's
 revelation in the Scriptures and creation demands
 taking mainstream scientific theories much more
 seriously than the body of Christ sometimes has.
 Historically, Christians have grown in their under-
standing of God's creation through scientific inves-
tigation; likewise, they have correspondingly de-
veloped their understanding and interpretation of
 the Bible. This is to be expected if we believe along
 with Augustine and other Christians throughout
 history that all truth is God's truth. Revisiting our
 understanding of the Bible in light of our growing
 scientific and theological understanding of the cre-
ation is consistent with sound principles of biblical
 interpretation (chap. ). 
 This book is divided into six parts and a con-
cluding postscript. Each part has a lead author as
 corresponds to their area of expertise. We have
 tried to make the book read as uniformly as pos-
sible without distorting each author's distinctive
 voice. Read as a whole,   Understanding Scientific
 Theories of Origins   will give the reader a detailed
 picture of the sciences of origins along with a
 Christian understanding of these scientific fields
 and how they fit into the story of God's creative and
  redemptive action. 
 Part one develops some biblical principles for
 interpretation and a comprehensive trinitarian doc-
trine of creation for framing the pursuit of
 knowledge about the creation. We then turn to un-
derstanding the nature of knowledge and more spe-
cifically how the natural sciences and theology go
 about obtaining knowledge. We wrap up with a dis-
cussion of how to relate the sciences and theology.
 In part two we examine contemporary Big
 Bang cosmology. Starting with a discussion of
 light and its properties, we come to understand
 how astronomers use light to infer distances to
 astronomical objects and the age of the universe.
 We continue by discussing Big Bang and Steady
 State cosmologies and the evidence that con-
firmed the former. This is followed by a discussion
 of how stars manufacture the elements necessary
 to build planets and for life, leading to the amazing
 phenomenon of how fine-tuned our universe is for
 life. We conclude with some discussion of cosmic
 inflation, the multiverse, and what cosmology and
 theology together can contribute to our under-
standing of the cosmos.
 Part three focuses on the origin of the solar
 system and the Earth. We learn how elements
 created by cosmic events and processes described
 in part two were fashioned into our Sun, the
 planets, and their moons. We explore Earth history
 by reviewing the development of geology as a
 science over the past five hundred years, encoun-
tering timescales of geological processes in the
 rock cycle and methods for quantifying geologic
 time, along with understanding the global geologic
 model of plate tectonics. Understanding the his-
torical engagement of scientific and biblical ac-
counts of Earth's history helps put modern debates
 about the age of the Earth and the Genesis flood
  into context. 
 Part four discusses the origin of life, one of
 the hardest problems in the sciences. The diffi-
culty of the problem has led to wide-ranging
 speculation and multiple alternatives. We begin
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 with a historical perspective and discussion of
 some of the basic chemical principles of life
 science to set the stage for the discussion of the
 current theories. We then address key issues in-
cluding the origin of the organic building blocks
 of life from inorganic starting materials and the
 origin and significance of biological informa-
tional molecules. Next come considerations of
 several currently popular scenarios for life's
 origin. We conclude with a discussion of the
 question of the probability of life's origin and the
 philosophical/theological implications of dif-
ferent responses to this question.
 In part five we consider the origins of the
 abundant diversity of life. Starting with early en-
deavors to catalog the diversity of life, we follow
 the development of Darwin's theory of evolution as
 an explanation of the origin of the diversity of life.
 Evolution is considered in regard to the evidence
 found in both living creatures and in fossils to
 better understand this theory. New findings in in-
heritance were incorporated in a new synthesis of
 evolution last century, and new understandings of
 genetic variation, development, and reuse of genes
 and processes is giving rise to a new extended syn-
thesis that is in process. The implications of the
 current understanding of evolutionary theory are
 considered with respect to the functional integrity
 of creation and the ministerial action of creation as
 it adapts in a way that contributes to the continued
  flourishing of life. 
 In part six we turn to human origins, starting
 with an exploration of the biblical account of the cre-
ation of humans. We discuss the scientific evidence
 relating to human origins as observed in the fossil
 record and in the biology of modern people, in-
cluding evidence recorded in the genes of humans
 and some of the fossil forms. Conclusions based on
 these kinds of evidence are summarized, and the
 implications of the scientific conclusions are ex-
plored in the context of the biblical account, the doc-
trine of creation, and the image of God in humans.
 In the concluding postscript we look at some
 implications of the book for thinking about new
 creation, creation care, science education, and
 fruitful discussions about the sciences and Chris-
tianity with fellow believers and with nonbelievers.
 Each chapter was primarily written by one or
 two of the book's coauthors: Robert C. Bishop,
 chapters -, -,   (with Moshier),   (with 
 Lewis), , and   (with Lewis); John H. Walton, 
 chapters , , , and ; Stephen O. Moshier, 
 chapters -, -,   (with Bishop), and ; 
 Larry L. Funck, chapters -; and Raymond 
 J. Lewis, chapters -,   (with Bishop), , and 
    (with Bishop). 
 This book is designed to be read as a whole
 either as a textbook or for those curious to deepen
 their understanding of the sciences and theology
 and their relations. Nevertheless, the book can
 also be used profitably by reading part one and
 picking other parts that might be of particular in-
terest along with the concluding postscript. Each
 chapter begins with a “This Chapter Covers”
 outline of the topics covered. Additionally, there
 are “Going Further” and “Brief Biography” text
 boxes in the chapters that take readers further
 into particular aspects and figures discussed in
 the book. A glossary has been provided at the end
 so readers can look up key terms used in the text
 to remind themselves of the content as they read
  through the book. 
 There are numerous people to thank for their
 contributions to a large project such as this book.
 We would like to begin by thanking our students,
 who over several years have read draft chapters
 and given us much helpful feedback. As the current
 teaching team of the Wheaton College course, we
 are indebted to colleagues who were involved in
 previous years, especially Al Smith, Derek Chignell,
 Bill Wharton, and Richard Schultz. Many col-
leagues and friends have read portions of the draft
 manuscript and improved it greatly. Among them
 are Dean Arnold, Matt Befus, Alexander Bolyanatz,
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 Marc Cortez, Stephen Dutch, Christine Folch,
 Carol Hill, Timothy Larsen, Benjamin McFarland,
 Ronald Numbers, Joshua Olsen, A.J. Poelarends,
 Michael Roberts, David Vosburg, and Kim Walton.
 Joy Lark, Zachary Moshier, Joshua Olsen, Jonathan
 Walton, and Timothy Wilkinson were invaluable
 for the figures. For our family members, friends,
 and the editorial team who not only put up with
 our lengthy period of work on the book but sup-
ported us through it all, we are eternally thankful.
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  PRINCIPLES AND METHODS OF 
  BIBLICAL INTERPRETATION 
  THIS CHAPTER COVERS: 
 What constitutes credible interpretation
 Principles for interpreting authoritative text
 The importance of the author's intention and
  his ancient context 
 God's role in the world
 The relationship of science and Scripture
 Many of the chapters in this book explore what
 various sciences have to say about origins. This is
 important, but many Christians have reservations
 about the information provided by the sciences
 because they believe that taking the Bible seriously
 precludes some of the conclusions drawn by scien-
tists. It is therefore essential that we consider care-
fully what claims the Bible makes to determine
 whether and where conflict might exist.
 Even as we recognize the Bible as an authori-
tative document, the Bible's claims can be under-
stood only through interpretation. Even trans-
lation requires interpretation. When different
 people propose different interpretations, how can
 we determine which is correct? Sometimes we can
 only choose which one we prefer, though other in-
terpretations that seem less likely to us may also be
 supported in a serious view of Scripture.
 A credible interpretation of the Bible is going to
 be supported first of all by sound exegesis per-
formed in a close reading of the text. That is, for an
 interpretation to be considered plausible, it must
 make accurate assessments of the grammar,
 syntax, and the meanings and usage of words.
 Exegesis is a reasoning process, not an inspired or
 intuitive process, and is therefore driven by critical
 thinking and by developing evidence. If an inter-
pretation offers only a very loose or superficial
 reading of Scripture, it could be guilty of being
 dismissive of the text or simply taking basic
 surface elements of the text to draw them into con-
formity with what one has already concluded.
 Second, a credible interpretation is going to be
 compatible with other texts of Scripture and with
 the tenets of sound theology. Though sometimes
 revelation progresses through time, we also expect
 a level of coherence and unity. Progression would
 not be expected to produce contradiction. So, for
 example, we find good evidence for creation ex
 nihilo from NT passages such as Colossians . This
 is not contradictory to Genesis , but neither is it a
 concept that Genesis  addresses.   The authority of
 Paul in Colossians is readily acceptable, but the
 authority of the author of Genesis must continue
 to be held in high regard.
 Third, a credible interpretation must be founded
 on sound hermeneutical principles. In preparation
 for the discussion to follow, it is important for us
 to look at some of those principles.
 1
 The doctrine of ex nihilo creation was developed in the history
 of interpretation to assert God's noncontingency, that everything
 is ontologically dependent on God. The universe has a begin-
ning. This doctrine argues against philosophies of Plato and the
 Gnostics. For more information, see D. T. Tsumura, “The Doc-
trine of Creation   Ex Nihilo   and the Translation of   Tohu Wabohu,”
 in   Pentateuchal Traditions in the Late Second Temple Period, ed.
 A. Moriya and G. Hata, Journal for the Study of Judaism Supple-
ments  (Leiden: Brill, ), -.
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  PART ONE: GETTING STARTED ON THE JOURNEY 
  1.1. PRINCIPLES 
 ... Authority is found in the understanding and in-
tention of the human author.   We recognize that the
 authority of God through the work of the Holy
 Spirit is the source of Scripture. But we also under-
stand that God has vested that authority in the
 human author in such a way that the message of
 the author carries the authority of God. Fur-
thermore, our only access to the message that has
 God's authority is through the human author. If
 God had more meaning than what the human
 author communicated, we have no way of getting
 to it (unless another authoritative author reveals
 an additional meaning). Therefore, any valid inter-
pretation of Scripture must demonstrate that the
 proposed interpretation is identifying meaning
 that can be derived from what the ancient human
 source communicated (with possible augmen-
tation from later authoritative voices).
 ... The text cannot mean what it never meant.   A cor-
ollary is that authoritative claims derive from the
 intentions of the ancient author because that is
 where God's authority is vested. We may be able to
 identify ways in which statements made in
 Scripture can be seen as converging with what we
 know of science today. In these we may find com-
patibility between the truth we can see in the Word
 and what we have come to believe as true about the
 world. But finding compatible truth is not the same
 as the search for authoritative claims. We may be-
lieve that the Bible makes some statements that we
 find compatible with Big Bang cosmology, but it
 would not be acceptable to suggest that Big Bang
 cosmology is one of the authoritative claims of the
 Bible. We may believe that God subtly built an al-
lowance for the Big Bang into the text without the
 ancient author's knowledge, but how do we know
 God had that meaning? After all, Christians who
 believed in a Steady State universe thought they
 found support for that in biblical statements as
 well. The Bible cannot be made subject to the
 whims of the sciences. One can go all the way back
 in the history of interpretation and find people
 seeking connections between their beliefs and the
 biblical text (e.g., Gnostics found all sorts of
 support for their beliefs in the Bible). Though we
 may find verses in the Bible that are compatible
 with Big Bang cosmology, the Bible makes no au-
thoritative claims about Big Bang cosmology. If
 some day we should discover that Big Bang cos-
mology is no longer acceptable scientifically, that
 would not prove the Bible wrong. In our quest for
 the authoritative claims of the Bible, we are com-
mitted to the understanding of the human author
 because that is where God's authority is vested, and
 the Bible cannot mean what it never meant.
 ... The Bible is written for us but not to us.   It was
 God's plan to reveal himself to the world—to all
 people in all places throughout time. God could
 have accomplished this in any variety of ways, but
 in wisdom he chose to communicate into a par-
ticular culture in a particular time and in a par-
ticular language. That means that for us to benefit
 from this revelation, to get that which God has
 provided for us, we have to penetrate that ancient
 context and language. We do not expect food just
 to come to us; we have to go to the store to get it.
 ... The context of Scripture is found in the ancient
 world.   We are bound to misinterpret Scripture at
 many points if we blindly impose our modern
 ways of thinking on this ancient text. People in the
 ancient world did not think the way that we think.
 This is not a matter of sophistication but of culture.
 We value different perspectives, priorities, and
 concerns. For instance, we care a lot about indi-
vidualism, while they cared much more about clan
 and family identity. Human nature is universal, but
 culture is not. Communication that was directed to
 them is going to relate to their cultural ways of
 thinking, not to ours.
 2
  We use 
  ancient world 
 to refer to the ancient Near East, including
 the civilizations of Egypt, the Levant, and Mesopotamia (Sumeri-
ans, Babylonians, Assyrians, etc.). The ancient Greeks and Ro-
mans would be part of the classical world, not the ancient world.
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 ... Meaning of words is found in their usage.   This is
 true in any culture. Words can change meaning as
 usage takes new directions. The biblical authors
 left us many books, but a dictionary was not among
 them. We can learn what Hebrew and Greek words
 mean only by observing how they are used. We can
 be misled if we only examine the English words
 chosen by translators, who are fallible and prac-
ticing interpretation. When we take the Bible seri-
ously, we recognize that we have to interpret it on
 the basis of the original language. Words mean
 what the author used them to mean, and he ex-
pected his immediate, contemporary audience to
 understand what he meant.
  1.2. PRINCIPLES FOR RELATING 
  BIBLICAL INTERPRETATION TO 
  SCIENTIFIC INVESTIGATION 
 As we seek to understand the claims of the Bible,
 we should also explore some principles related
 to how biblical interpretation and scientific
  investigation intersect. 
 ... Ways of thinking about God's role in the world.
 In our modern world, it is most common for us to
 think in terms of   natural laws   and   natural science.
 We hold in contrast what we consider the super-
natural actions of God that intervene in the
 natural world and work outside its principles.
 There may be advantages to thinking this way, but
 we must realize that it is not how people in the
 ancient world thought. They did not think in
 terms of natural causes or natural laws. For them,
 God was involved in everything, and nothing was
 “natural.” They were not Aristotelian in their ways
 of thinking about causation categories. As a result
 the language of miracles and intervention that we
 have today would not have made sense to them.
 We define a miracle as something that is super-
natural rather than natural, while they would have
 thought of everything as supernatural activity. We
 talk of God intervening, whereas they would be
 mystified by the concept—they believed that God
 was already in everything that happens. The
 concept of intervention assumes he is normally
 outside natural processes. The OT refers to God's
 remarkable deeds as “signs and wonders” that
 demonstrate divine power and faithfulness to his
 people. God is no less active in natural cause and
 effect than he is when he bypasses it (see § .).
 ... Natural and supernatural.   As a result, we cannot
 take statements about God's active role at various
 places in the Bible as requiring that there be no
 “natural” explanation (though sometimes maybe
 there are none). Likewise, in any aspect of scien-
tific exploration we cannot conclude that just be-
cause we can offer a natural explanation, God's
 involvement is therefore ruled out (see chaps. 
 and ). We cannot think of causes as a pie that is 
 sliced up and divided between natural (things that
 the sciences can explain and therefore leave God
 out) and supernatural (things that the sciences
 cannot explain). This flawed model is called “God
 of the gaps,” and it results in an ever-diminishing
 God. Instead, think of the model of a layer cake in
 which science is able to investigate the lower layer,
 but no matter what is discovered or explained, the
 upper level of God's involvement is over all of it.
 This model can be illustrated by Psalm :: “For
 you created my inmost parts, wove me in my
 mother's womb.”   Here the affirmation of God's
 involvement does not negate our scientific under-
standing of the growth of the fetus in the womb.
 The science of embryology does not conflict with a
 claim of the Bible. Whatever embryologists learn
 about the growth of the fetus in the womb helps us
 understand how God works. It is a case of both/
 and rather than a case of either-or (§ ..).
 ... Does science trump Scripture?   Does it ever
 happen that science trumps Scripture and that we
 need to make our interpretations conform to sci-
entific findings? First, it is important to affirm that
 3
  Robert Alter, 
 The Book of Psalms: A Translation with Commen-
tary   (New York: W. W. Norton, ), .
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 the truth of Scripture cannot be compromised.
 Truth is truth, and if we dilute Scripture's meaning
 to accommodate a scientific theory, we do the Bible
 a disservice. Having said that, interpretation is a
 complex undertaking, and it has often been true
 that growing information from outside Scripture
 has prompted us to legitimate reevaluation of our
 interpretation of Scripture, to consider issues that
 have simply not been noticed in the past (such as
 the discovery that the Earth moved around the
 Sun). When persuasive scientific findings appear
 to contradict claims of Scripture, it is always
 worthwhile to explore whether we have interpreted
 Scripture's claims correctly. Scientific findings can
 help us ask questions of the text that we may never
 have thought to ask before. In such cases the sci-
ences are not trumping Scripture but prompting
 reevaluation. If a revised understanding of
 Scripture results, such a revision still needs to
 stand up to exegetical, theological, and hermeneu-
 tical scrutiny. 
 ... Scripture does not provide new revelation about
 how the world routinely works.   Finally, we propose
 that Scripture does not contain any new revelation
 about the regular mechanisms or processes of
 what we call the natural world. Though it reports
 historical incidents in which God may well have
 superseded that which could be explained natu-
ralistically, we are referring to its treatment of that
 which is regular and normal. In such cases the
 Bible discusses the world and its operations in
 terms that are consistent with the ancient world in
 the OT or the classical world in the NT rather than
 upgrading their thinking to something more like
 ours. Two examples will help us to understand
  this principle. 
 In the ancient world, people had no under-
standing of the physiology of the brain. There is no
 ancient Hebrew word for “brain” known to us.
 When Egyptians wanted to preserve the essence of
 4
 For further discussion see §§ ., ..
 the person who had died, their mummification
 process carefully removed the important entrails
 and put them in canopic jars. These were the
 organs in which they believed the “self ” resided. In
 contrast, the brain was simply extracted through
 the nose and discarded as worthless. When God
 communicated with the Israelites about cognitive
 processes, he did not upgrade their physiological
 understanding by informing them of the distinct
 functions of the heart, kidney, liver, and intestines
 and explaining to them about the brain. Instead
 God talked to them in ancient terms using the
 physiology that they knew. This is not a problem
 for biblical inerrancy (which insists that the Bible
 is true in all that it affirms) because God is not af-
firming a view of physiology. Scripture is not re-
vealing an authoritative science. Physiology is not
 the focus of the revelation; it is simply a framework
 for effective communication. The Bible makes no
 authoritative claims about physiology.
 In the ANE, people had a very different view of
 cosmic geography from what we do. They believed
 in a flat Earth that was the center of the cosmos.
 They knew of only one continent, and they be-
lieved that a solid sky held back waters above. In
 the ANE people believed that the Sun, Moon, stars,
 and birds were all in the same realm, inside the
 solid sky. Everyone in that ancient world believed
 these things, and God did not change how the Is-
raelites thought about cosmic geography by giving
 them new information or explanations. Instead,
 biblical communication used the familiar ideas
 that were current in the ANE world. Again, God
 was not revealing a new and authoritative cosmic
 geography but used what was familiar to commu-
nicate sovereign control of the world. The Bible
 therefore does not make any authoritative claims
 about cosmic geography. Consequently, it makes
 no claims to potentially conflict with scientific
 5
 Some have interpreted Is : (“circle of the earth”) as if it re-
fers to a spherical globe. In contrast, however, it refers to a disk,
 not a sphere, and it was commonplace in the ANE to believe the
 Earth was a disk.
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 claims about cosmic geography. Happily, we do
 not have to find scientific evidence for pillars of
 the Earth, a local sun, a solid sky, or waters above
 it any more than we have to find scientific evi-
dence that our blood pumps (i.e., hearts) engage
 in cognitive processes. Detailed examination of
 the biblical text does not result in any example of
 God giving the Israelites information about the
 regular operations of the natural world that re-
vised how they already thought. No statement
 takes departure from how people in the ancient
 world thought. The focus of the new revelation is
 that Yahweh, God of Israel, is in charge and should
 be understood as distinct from how people viewed
 deity in the ancient world.
  1.3. INTERPRETING BIBLICAL 
  CLAIMS RESPONSIBLY IN 
 A SCIENTIFIC AGE 
 In conclusion, these principles give us direction as
 we consider what we are looking for and what we
 expect to find. We are not searching just for com-
patible truths in the Bible but for authoritative
 claims. We are not prepared to condition our un-
derstanding of those claims to the demands of sci-
entific claims, but we are willing to return as often
 as necessary to the task of interpretation to assure
 that we are asking the questions we need to ask. We
 are ready to reevaluate our interpretation in re-
sponse to new information, yet we are not willing
 to compromise our exegesis or theology. Biblical
 claims will receive priority, but we must remain
 alert and willing to revise our interpretations as we
 become aware of new questions to ask. We will ex-
ercise a tightly controlled methodology that will
 not allow for the use of general revelation to offer
 explanation of special revelation (that is, we will
 not use modern science to read additional scien-
tific sophistication into the biblical text). We will
 resist in every way possible the common practice
 of imposing our modern perspectives and ques-
tions on this ancient text as we allow it to speak for
 itself. Finally, we will rigorously challenge the in-
clination of forcing the biblical claims into scien-
tific boxes. These principles are essential to re-
specting the authority of the text.
 Going Further: Which Position Is Most Credible?
 Often various positions on science and Scripture (and organizations that champion those positions) are assessed on the
 basis of how they deal with scientific issues (such as the age of the Earth or whether an evolutionary model is adopted).
 Another factor is how traditional the position might be. We might suggest that the credibility of a position should be
 based on the soundness of its principles of interpretation and the consistency with which those principles are applied.
 In this approach, a position that affirmed evolution could be judged more valid (biblically and theologically) than one
 that rejected evolution if the principles of interpretation have been executed with care and consistency.
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 A COMPREHENSIVE DOCTRINE 
  OF CREATION AND IMPLICATIONS 
  FOR SCIENTIFIC STUDY 
  THIS CHAPTER COVERS: 
  The Creator/creature distinction 
  Creation's functional integrity 
 The limited nature of creation
 Creation as incomplete but moving toward new
  creation in Christ 
  Ex nihilo creation 
 Three forms of divine mediated action in
  creation 
 God's ongoing, personal involvement in
  creation 
 How God acts similarly in creation, salvation,
  and sanctification 
  Miracles 
 Many Christians feel threatened by the sciences—
 particularly cosmology, geology, and evolution—
 because they believe the sciences offer explana-
tions that compete with the Bible or remove any
 need for God. The previous chapter covered
 some basic principles of biblical interpretation
 that go some way toward addressing Christian
 fears about the sciences. Here we will address
 these fears theologically before moving to a dis-
cussion about the sciences and theology as ways
  of knowing. 
 1
 An early version of the material in this chapter appeared in Rob-
ert C. Bishop, “Recovering the Doctrine of Creation: A Theo-
logical View of Science,” parts -, BioLogos, January , ,
  https://biologos.org/resources/scholarly-articles/recovering 
  -the-doctrine-of-creation-a-theological-view-of-science. 
 We need a solid theological foundation to think
 Christianly and without fear of the sciences. The-
ology, as N.T. Wright puts it, is “trying to think
 straight about who God is.”   One of the most sa-
lient pieces of theology for our attempts at under-
standing God's creation is a comprehensive biblical
 doctrine of creation. By   comprehensive, we mean a
 doctrine of creation that draws from the whole of
 the Scriptures rather than just Genesis .
 Many struggles Christians have with the sci-
ences stem from being trapped in an either-or di-
lemma that formed under the influence of deism
 in the eighteenth century and is pervasive in
 science-religion discussions:   events in nature are
 either the result of God's unmediated intervention or
 the result of natural processes with no involvement
  of God whatsoever. 
 With the loss of a trinitarian understanding of
 creation and the rich forms of mediated divine
 action described below, most religious thinkers in
 the eighteenth century apparently could conceive of
 only these two possibilities for how events occurred
 in nature. Under the either-or dilemma's sway, many
 scientific explanations do appear to remove God's
 presence and activity in the creation. A compre-
hensive doctrine of creation shows that this either-
or dilemma presents a false choice, a logical fallacy
 of reasoning. In particular, the ministerial form of
 mediated action, wherein God is at work through
 2
  N. T. Wright, 
 Simply Christian: Why Christianity Makes Sense
 (New York: HarperCollins, ), .












































[image: ]
 A COMPREHENSIVE DOCTRINE OF CREATION AND IMPLICATIONS FOR SCIENTIFIC STUDY 
  15 
 the creation such that it ministers to itself in myriad
 ways, is on brilliant display in Genesis  and Psalm
 , showing that a particularly important biblical
 view is missing from the choices.
 Moreover, a comprehensive doctrine of creation
 also played a role in the development of modern
 scientific inquiry. Scientific methods were origi-
nally designed to discover and understand the
 order and functioning of creation because there
 was a theological basis for believing that both cre-
ation's distinctness from God and its ongoing pro-
cesses mattered.   These processes mattered because,
 contrary to the either-or dilemma that formed later,
 the scientific revolutionaries of the seventeenth
 century believed that these processes represented
 God's normal ways of working in creation.
 Therefore, a fuller understanding of the doc-
trine of creation can give Christians the confidence
 to consider scientific explanations without fear.
 This book will help you replace fear with confi-
dence as you explore scientific theories of origins
 from the perspective of a comprehensive doctrine
  of creation. 
  2.1. BACKGROUND FOR THE 
  DOCTRINE OF CREATION 
 But first a few words about doctrine. The word   doc-
trine   sounds ponderous, unrevisable, staid, and
 overwhelming. In a Christian context, a doctrine
 is a biblically based, theological understanding of
 some feature of God's reality such as redemption
 or creation. The doctrine of creation is derived
 from our interpretation of the whole of the Scrip-
tures but also involves our experience of and reflec-
tions on creation (chap ). We could speak of a
 theology of creation—which is what we really are
 talking about—or, at the risk of much confusion, a
 theory of creation, but historically the phrase “doc-
trine of creation” has gained the widest usage.
 3
 Robert C. Bishop, “God and Methodological Naturalism in the
 Scientific Revolution and Beyond,”   Perspectives on Science and
 Christian Faith    (March ): -.
 Moreover, doctrines actually are revisable. For
 example, nations revise their military doctrine on
 a regular basis. The history of the doctrine of cre-
ation is one of change while holding to key funda-
mentals. Many of its elements have been hard
 fought, won and then lost, recovered, reinterpreted
 and then lost, recovered, and further developed
 over and over in the history of Christian thought.
 Many of the following elements may seem sur-
prising or new to you. Since the eighteenth century
 the doctrine of creation has suffered significant
 decline such that contemporary Christians usually
 only have a much-atrophied version in mind.   Be-
cause doctrines express our understanding, they
 can develop over time as our understanding grows
 (or in some cases as misunderstanding grows).
 Most importantly, we should distinguish be-
tween endorsing and working with a doctrine, on
 the one hand, and becoming dogmatic, on the
 other hand. For instance, Albert Einstein's general
 theory of relativity (chap. ) is the physicist's doc- 
trine of gravity, if you will. Physicists continue to
 work on the theory and develop it, but the moment
 a physicist becomes dogmatic about their under-
standing of the doctrine of gravity, they cease to
 be open to learning all that they could about the
 theory. Furthermore, they would cease to be open
 to any reinterpretation or development of the
 theory that might become necessary after learning
 more about the creation. Similarly, when a
 Christian becomes dogmatic about their under-
standing of the doctrine of creation, they cease to
 be open to their own growth in understanding the
 doctrine. Likewise, they would cease to be open to
 any reinterpretation or development of the doc-
trine of creation that might become necessary as
 we continue to learn more about the Bible and
  creation (§ .). 
 4
 Although not his intended theme, James Turner's masterful
 Without God, Without Creed: The Origins of Unbelief in America
 (Baltimore: Johns Hopkins University Press, ) reveals much
 of the doctrine of creation's decline during the eighteenth and
  nineteenth centuries. 
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 As with any other doctrine in Christianity, the
 doctrine of creation has its own history of develop-
ment.   The doctrine of creation was inferred
 neither simply from biblical texts alone nor from
 observations of the natural world alone. Instead, it
 was hammered out over several centuries by early
 Christian theologians as they grappled with the
 biblical texts, the Greek natural philosophy of the
 cultures they found themselves in, and their expe-
rience of the created world. For instance, the Greek
 natural philosophy of their day maintained that
 the cosmos was eternal. It took these Christian
 thinkers about two centuries to come to a biblical
 understanding of ex nihilo creation that contrasted
 sharply with the idea of an eternal cosmos.   As
 with all Christian doctrines, the doctrine of cre-
ation is dynamic and growing. Yet it also is a fal-
lible and imperfect human response to divine rev-
elation in Scripture, in the creation, and principally
 in the person and work of Jesus.
 Though we will spend a lot of time on the doc-
trine of creation in this book, keep in mind that our
 tendency to cut up doctrines into pieces (such as
 the doctrine of creation, the doctrine of provi-
dence, the doctrine of salvation, and the doctrine
 of eschatology) is somewhat artificial. As finite
 beings, we are striving to understand one grand
 doctrine of God and the fullness of divine activity.
 For the sake of our finite understanding, we have
 to take bite-size chunks, breaking the whole doc-
trine of God down into more manageable compo-
nents. Yet we should remember that every doc-
trinal piece interpenetrates and informs every
 other, as can be seen in this chapter. As an example,
 much of God's ongoing work of creation is con-
tinuous with God's providence in creation.
 Likewise, if God had not created, there would be
 no providence, salvation, or sanctification.
 5
 For example, see Colin Gunton's very useful survey   The Triune
 Creator: A Historical and Systematic Study   (Grand Rapids: Eerd-
 mans, ). 
 6
 The Hebrew words for creating and making in the OT are not
 used to indicate ex nihilo creation (§ .).
 As a final remark, while reading the rest of this
 chapter you may find yourself wondering whether
 there are other Christian doctrines of creation. By
 keeping or dropping elements, one can generate a
 fuller or a more reduced doctrine of creation. For
 instance, many American Christians since the nine-
teenth century seem to have believed that the doc-
trine of creation has only two elements: () God
 created ex nihilo and () God created in six days
 (whatever the length of those days might have been).
 Moreover, Christians in the modern era have tended
 to think of God as a monistic rather than a triune
 Creator. If you take this as your baseline for the doc-
trine of creation, then the comprehensive version
 you will be reading about likely will appear to be a
 very different doctrine of creation to you.
  2.2. THE DISTINCTIVE 
  NATURE OF CREATION 
 Evangelicals hold firmly to the inspiration and au-
thority of Scripture. Nevertheless, most evangel-
icals also have a rather narrow view of the doctrine
 of creation, as previously mentioned. As we will
 see, this contemporary understanding is a pale re-
flection of the comprehensive doctrine in all its
 glory as developed by early Christian pastor-theo-
logians. What follows is a brief tour through the
 elements of this amazing doctrine.
 ... Creator/creature distinction.   A fundamental
 starting point is the Creator/creature distinction
 (e.g., Rom :). We often take this for granted
 without realizing how crucial it is to the doctrine
 of creation. God's triune nature is utterly distinct
 from the created nature of the cosmos.   One often-
overlooked implication of this distinctness is that
 the Trinity intended for the creation to have a
 being that is different in kind from divinity. God
 7
 When we speak of the nature of the world, human nature, or the
 nature of creatures, we do not mean to imply some form of es-
sentialism. Rather, what we mean is the nature of created things
 as   created being   with specific properties. Created natures are not
 necessarily static and unchanging but are teleological, pointing
 toward the new creation in the Son.
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 did not make the creation with the same infinite
 being or triune nature. Furthermore, the Father
 calls it to become uniquely what it is destined to be
 in the Son as perfected by the Spirit. This is not
 unlike how the Father calls each one of us to
 become uniquely who we are created to be in
 Christ through the perfecting work of the Spirit.
 Therefore, the creation neither is divine nor shares
 in infinite divine being, though cultures throughout
 history and across the world have had a tendency
 to divinize the creation.   Because this divinization
 8
  John North, 
 Cosmos: An Illustrated History of Astronomy and
 Cosmology   (Chicago: University of Chicago Press, ).
 is so easy to do, there are numerous biblical
 warnings against it (e.g., Deut :-).
 The biblical distinction between divinity and
 the creation has a number of important theological
 implications. One is that pantheism does not ap-
propriately capture the nature of the creation or
 the Trinity's relationship to it. Pantheism is the
 view that there is no distinction between God and
 the universe; that is, they are identical.
 Furthermore, the distinctive createdness of the
 cosmos is valued—it has the kinds of properties
 and functionality God intended it to have. After all,
 when God proclaimed that everything was “very
 good” (Gen :), God was proclaiming all of
 Going Further: Why a Trinitarian Approach
 to Creation Is Important
 Perhaps what is most valuable about a robust trinitarian approach to creation is that it allows us to conceive of the biblical
 relationship between God and the creation in appropriate ways that avoid critical pitfalls. For the last few centuries, it has
 been all too easy to fall into some form of deism, wherein God is inactive in the world or only intervenes on occasions from
 a distance, or some form of pantheism, wherein distinctions between God and creation become confused if not obliter-
ated. In contrast, the relational nature of the Trinity provides a way for us to conceive of God's relationship to creation as
 one of transcendence and intimacy. All the while the cosmos has a nature distinct from that of the Trinity as well as a rela-
tive freedom to be what it is called by the Father to be in the Son through the Spirit. This is to say, the Father gives creation
 its own distinct reality that can respond to divine calling. Meanwhile, all things are created through and redeemed by the
 Son. Furthermore, all things are enabled to be the particular things they are called to be and respond to divine calling
 through the Spirit. The Spirit energizes and perfects all created things. This trinitarian relationship to creation allows us to
 affirm the goodness of creation sustained through the Son and perfected by the Spirit to the praise of the Father.
 Over the centuries, Christians have struggled to affirm the goodness of creation as well as the full reality of its being.
 Sometimes we have slipped into Greek ideas about creation having less reality than God or material reality being less
 good than spiritual reality. Creation has reality for its own sake because of God's freeing love. The fullness of created
 reality will be revealed in the new creation (chap. ). The essence of love is to be in relationships of mutually free giving 
 and receiving. This is perfectly exemplified by the Trinity. That the Trinity is a loving communion of three persons with
 one divine nature implies that God does nothing toward creation that is not deeply shaped by love, because God is love
 ( Jn :). So a trinitarian approach to creation also allows us to affirm that creation is both loved by God and was freely
 created to have the distinct kind of nature we see revealed in creation and Scripture. When the Trinity has not been
 central to their thinking about creation, Christians often have found it much more difficult to articulate and affirm these
 positive aspects of creation.a
 a
  Colin Gunton, 
 The Triune Creator: AHistorical and Systematic Study   (Grand Rapids: Eerdmans, .
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 creation as worthwhile. The Hebrew term   tov   in
 Genesis  and  is often translated as “good.” It has
 a variety of meanings in different contexts, in-
cluding craftsmanship and functioning well,
 though it never has the sense of perfect.   One very
 common OT use is the sense of functioning
 properly. For example, “It is not good [tov] for the
 human ['adam] to be alone, I shall make him a sus-
tainer beside him” (Gen :).   The human is not
 fully functioning without this sustainer or ally ap-
propriate to the   functioning   of this created nature
 and role. In the context of the first two chapters of
 Genesis, then, the repeating refrains of “good” pri-
marily have the meaning of functioning properly,
 working as intended, or fulfilling assigned pur-
poses (§ ..). From the beginning, the creation
 does—and will—function as God intended. We
 will see several examples of this good functioning
 over the course of this book. Perhaps most impor-
tantly, the creation functions as intended for the
 unfolding of God's covenant to consummate all
 things in the Son in the new creation (chap. ). 
 Moreover, we see God's love for the creation
 particularly in Jesus' incarnation. What higher af-
firmation that God's creation is loved could there
 be?   The second person of the Trinity—the one
 through whom everything is made—took on that
 same created nature and inhabited its order, an
 order that the Son established and blessed in the
 beginning and that is being redeemed as an object
 of love and worth through the Spirit.
 A final implication of the Creator/creature dis-
tinction is that the creation has what theologians
 call   contingent rationality. The creation is con-
tingent in two senses. () It is completely de-
  9Tov 
 generally does not have the moral sense of goodness unless
 the textual context explicitly specifies this. Even the Hebrew   tov
 me'od, translated as “very good” in Gen :, has the meaning of
 worthiness, fitness, or beauty (e.g., Gen :; Num :), not
 moral goodness or even some form of perfection.
  10 
  Robert Alter, 
 The Five Books of Moses: A Translation with Com-
mentary   (New York: W. W. Norton, ), .
  11 
  St. Athanasius, 
  On the Incarnation 
 , trans. Penelope Lawson
 (Crestwood, NY: St. Vladimir's Seminary Press, ).
 pendent, such that if the Son ceased sustaining the
 creation, it would disappear instantly. () God
 could have made any kind of cosmos but chose to
 make this particular one. God did not create out of
 some need or lack and was under no compulsion
 or necessity. Rather, out of the overflow of triune
 love, God brought into existence a particular kind
 of creation for God's glory   and   for the creation's
 own sake. Therefore, it has its own rationality—its
 own particular order, structure, and functionality
 —
 which is at least partially intelligible to us.
 The Creator/creature distinction also has many
 implications for scientific inquiry. First, since the
 creation is important to God, its study is a worth-
while human activity that brings praise to the
 Father. Second, the contingent rationality of the
 created order implies that we have to examine cre-
ation to learn about that order. This is what scien-
tists seek to uncover and understand. Scientists
 often do not realize that both this order and its
 intelligibility are good gifts from God, however.
 Third, the rationality of creation provides an im-
portant motivation for its scientific investigation:
 we can grasp much of the creation's structure and
 functioning. Indeed, part of the purpose of this
 book is to help you understand how scientists
 grasp creation's order and use that knowledge to
 gain further understanding about God's creation.
 Fourth, implied in the dependence of every created
 thing on the Trinity is the possibility for everything
 to teach us about God and God's creation. This pro-
vides another motivation for scientific study that
 connects directly with Christian worship.
 ... Creation has functional integrity.   The functional
 integrity God gave the creation is one of the for-
gotten elements of the doctrine of creation, yet it is
 right under our noses! Creation has the causal ca-
pacities to both be itself and to create components
 of itself, so the creation can accomplish what the
 Father intends it to accomplish in the Son through
 the Spirit. The functional integrity of creation
 follows from the Trinity's purpose that the creation
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 be itself (i.e., be something other than God). It also
 is intimately related to the ministerial form of di-
vinely mediated action (§ ..). Most of God's
 activity in creation takes place through the prop-
erties and processes of creation (e.g., Gen ; Ps ;
 :). Indeed, several early church thinkers (e.g.,
 Augustine) used the idea of functional integrity to
 argue against the creation being a distortion or di-
lution of divine reality—as in the creation is not
 some kind of reduced or diluted emanation out of
 God's being. Instead, it is a distinct, functioning
 created thing that has order and coherence. This is
 part of the contingent rationality of creation.
 Nevertheless, we have to be careful here, as the
 creation's functional integrity runs so well, so con-
sistently, that we have a tendency to forget God's
 involvement in it and fall into thinking of nature as
 running on its own (recall the either-or dilemma
 mentioned above). Creation's integrity is   not   inde-
pendent of God. Without God sustaining it there
 would be no functional integrity and no creation.
 As we will see, the Son is crucially involved in up-
holding all things, and this includes the creation's
 functional integrity. Moreover, this functional in-
tegrity makes it possible for the creation to bring
 about other components of itself reflecting God's
 creativity, not some independent creativity. It is a
 form of divine activity mediated ministerially
 through the creation (§ ..). This is the response
 of the creation to divine calling out of its relative
 freedom as enabled by the Spirit. Wherever cre-
ativity and multiplicity in creation are mentioned
 in Scripture, the Spirit is crucially involved (
 §
 ..). Having relative freedom means things in
 the creation have a range of possible responses to
 divine calling rather than a singular, necessitated
 response. So the variety and creativity we observe
 in the creation are genuine. Finally, functional in-
tegrity serves the Trinity's purposes in creation,
  salvation, and sanctification. 
 This element of the doctrine of creation is crucial
 to scientific investigation. The study of the regular-
ities involved in nature's development makes sense
 only in light of the creation's functional integrity.
 This idea played an important role, along with other
 factors, in the scientific revolution and the devel-
opment of scientific methodologies.   Furthermore,
 functional integrity provides the biblical basis for
 natural laws and regularities, and, along with the
 creation's relative freedom, ensures that there is an
 order and diversity to nature that is intelligible.
 Moreover, functional integrity is an expression of
 God's character. God is a God of order, not caprice.
 Finally, that God gave the creation a   particular kind
 of functional integrity—contingent rationality—
 implies that we have to investigate it to discover the
 particular nature of this ordered functionality. The
 Bible describes pregnancy as God weaving a child in
 the womb (Ps :) or as God the potter forming
 children (Job :-), but to understand how this
 weaving or forming takes place requires detailed
 scientific investigation of the creation's functional
 integrity intertwined with its relative freedom in
 biology, physiology, and so forth.
 ... Creation is meant to be limited.   The doctrine of
 creation also teaches us that God intends for the
 creation to be limited. This is another implication
 of the Creator/creature distinction and God's
 purpose for the creation to have its own kind of
 being distinct from the divine. The Trinity is in-
finite in being, but the creation is finite in being.
 The Trinity is self-existent, but nature is dependent.
 The Trinity is all-powerful, while creation is limited
 in power. Nature has a beginning in triune love,
 whereas God has no beginning.
 We see that the creation is limited throughout
 the Bible. For instance, Genesis  pictures nature as
 in need of divine guidance and shaping. The
 limited nature of the creation also shows up in
 such powerful passages as Psalm :, “He
 stretches out the heavens like a tent,”   as well as in
 cycles and seasons (Ps :-; Eccles ).
  12 
 Bishop, “God and Methodological Naturalism.”
  13 
  Robert Alter, 
 The Book of Psalms: A Translation with Commen-
tary   (New York: W. W. Norton, ), .
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 The limited nature of the creation is not a bad
 thing (though humans sometimes chafe at the idea
 of limits). The Father desires to accomplish pur-
poses through limited creatures (e.g., the first
 three kings of Israel). Indeed, the ringing en-
dorsement of Genesis  is that all created, limited
 things are functioning as intended. Most as-
tounding of all is the incarnation, wherein God in
 Christ took on finite human nature, conferring the
 highest imaginable value to finitude and limits.
 That nature has limited being also is important
 for scientific inquiry. If the creation had the in-
finite being of the Trinity, its properties and pro-
cesses would be unintelligible to our finite minds.
 There would be no possibility of investigating and
 understanding nature, hence no sciences.
  2.3. DIVINE SOVEREIGNTY 
  IN CREATION 
 Though God's sovereignty over all of creation seems
 obvious to most Christians, we usually do not re-
alize the role this divine attribute plays in the doc-
trine of creation. Michael Foster was one of the first
 to argue that revelation of the doctrine of creation
 “is [historically] the source from which the con-
ception of sovereignty is derived” that shaped the
 Western tradition's understanding of political and
 other forms of sovereignty.   The Bible pictures all
 of nature as subject to one God, in contrast to all
 other ancient Near East (ANE) creation myths and
 cosmologies. The Trinity is the maker and ruler of
 all things. Moreover, the consistent picture
 throughout the Bible is of God in control of all
 things: “See, the Sovereign Lord   comes with power,
 and he rules with a mighty arm” (Is :); “He
 stretches out the heavens like a tent”;   and
 Praise be to you, Lord,
 the God of our father Israel,
 from everlasting to everlasting.
  14 
  Michael B. Foster, 
 The Political Philosophy of Plato and Hegel
 (Oxford: Clarendon, ), -.
  15 
  Alter, 
 Book of Psalms, .
 Yours, Lord, is the greatness and the power
 and the glory and the majesty and the
  splendor, 
 for everything in heaven and earth is yours.
 Yours, Lord, is the kingdom;
 you are exalted as head over all.
 Wealth and honor come from you;
 you are the ruler of all things.
  ( Chron :-) 
 These passages are typical of the OT, where God's
 sovereignty over all things has no exceptions. Early
 Christians cited such passages as demonstrations
 of God's sovereignty.   From Genesis  to Reve-
lation , God is king and ruler over all.
 A crucial implication of divine sovereignty for
 the sciences is that God rules over all natural pro-
cesses. Therefore, anything a scientist says about
 processes in nature can only be describing some-
thing that is sustained by the Son and subject to
  his sovereignty. 
 It is important to realize that God's sovereignty
 over the creation does not imply that it is like a
 deterministic machine operating under some
 kind of necessity. We need to keep in mind that
 God's freeing love is the basis for the creation (see
 below). Parents practice freeing love toward their
 children when giving them relative freedom to
 develop and grow. Similarly, God in freeing love
 gives creation relative freedom to develop and
 grow into what it is called in the Son and enabled
 by the Spirit to be. God's covenantal faithfulness
 to nature is what makes its relative freedom as gift
 possible. In turn, the relative freedom God gives
 the creation is one of the conditions making
  human freedom possible. 
  16 
  Peter Bouteneff, 
 Beginnings: Ancient Christian Readings of the
 Biblical Creation Narratives   (Grand Rapids: Baker Academic,
 ), -. Given our contemporary interests in the means and
 timing of God's creative acts, it should strike us as strange that
 the only other references to the “days” of creation from Gen  are
 in Ex :; :. Interestingly, reference to the “days” of cre-
ation does not get repeated in Deut :-. The   how   of creation
 is not nearly as important as God's sovereignty over it to the OT
  authors and audience. 
  17 
  See Colin Gunton, 
 The Promise of Trinitarian Theology, nd ed.
 (London: T&T Clark, ), -.
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 Similar to how in freedom humans stumble
 and struggle as we grow and develop, the cre-
ation's freedom in development is marked by its
 incompleteness. Disease, earthquakes, pain, and
 death emerge in God's good cosmos due to the
 relative freedom God gives an incomplete creation
 to become what it is called to be in the Son as
 finite, created being. When the triune God gives
 nature the freedom to bring forth creatures (Gen
 :, , ), the creation is still incomplete but
 being completed through the Spirit as well as
 through participating in the making of itself.
 Indeed, to read Genesis  as an account of a com-
pleted work is to miss the eschatological thrust of
 creation—that the creation is always going some-
where from “the beginning.”
 Reading Genesis  as finished creation also
 misses the mediated nature of the Trinity's action
 in creation (§ .) and the rich parallels between
 creation, salvation, and sanctification that range
 throughout the Bible (§ ..). This eschatological
 thrust is present from the beginning as implied by
 ex nihilo creation (§ ..): the Father's purpose for
 the creation to become what it is called to be in the
 Son through the perfecting of the Spirit means that
 nature is enabled to participate in its own be-
coming (§ ..). Huge clouds of hydrogen gas
 participate in the becoming of galaxies (§ .). Gas,
 dust, ice, and other materials participate in the for-
mation of solar systems (chap. ). Plants, animals, 
 and insects all participate in their own becoming
 (part ). In this relative freedom that God gra-
ciously gives to the creation to participate in its
 own becoming, disease, earthquakes, pain, and
 death emerge in an incomplete creation.
  18 
 The fall affects the creation in some way that we really do not
 understand very well, but it seems to be the case that evil has
 somehow invaded the creation, working to disrupt its contin-
gent order and completion in the Son. In some sense, the cre-
ation's incompleteness has been affected in such a way that,
 apart from the Son's redeeming work, disease, earthquakes,
 pain, and death participate in disorder, heading in the opposite
 direction of life in new creation. In cancer, for instance, tumor
 cells cooperate with other tumor cells as well as host cells to
 Nevertheless, none of this happens outside
 God's sovereignty or providential working in cre-
ation. Sometimes Christians have categorized
 God's acts of creation and providence too rigidly,
 masking creation's participation in God's works. In
 the ongoing completion of the creation we see
 divine acts of creation and providence intertwining
 under the triune Creator's loving sovereignty. As
 John Calvin warned, “to make God a momentary
 Creator, who once for all finished his work, would
 be cold and barren.” He goes on to argue that
 “having found him Creator and Preserver . . . He
 sustains, nourishes, and cares for, everything he
 has made, even to the least sparrow.”   The Son is
 the ongoing Creator, Redeemer, governor, and pre-
server of all things (see “Going Further: Christ as
 Creator, Ruler, Sustainer, and Redeemer of Cre-
ation” below). This intertwining continues in Cal-
vin's discussion of fortune, where he describes the
 ministerial nature of the Sun in the ongoing pro-
duction of flowers and fruits, and God's in-
volvement in nature's processes.   These processes
 are means through which God ministers to the
 creation (§ ..), so they are invested with a
 genuine reality and power to participate freely in
 the ongoing completion of the creation sustained
 by the Son and energized through the Spirit.
 ... Ex nihilo creation.   That the creation was made
 ex nihilo—there was absolutely nothing from
 which nature was made—means that the Trinity
 originated space, time, laws, matter, and so forth.
 Early pastor-theologians inferred the ex nihilo
 nature of creation from the Creator/creature dis-
tinction and various passages such as John :-;
  Corinthians :; Colossians :; Hebrews :;
 adapt to the changing environment within the host, ensuring
 the survival of the cancer ecosystem. The ministerial nature of
 the creation and its functional integrity have been co-opted
 toward ends leading to destruction and death rather than life.
  19 
  John Calvin, 
 Institutes of the Christian Religion, ed. John T. Mc-
Neill, trans. F. L. Battles (Philadelphia: Westminster, ), -.
  20 
  Calvin, -, -. 
  21 
  Calvin, -. 
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 and Revelation : in their struggle with Greek
 natural philosophy's emphasis on an eternal uni-
verse. This element of the doctrine of creation,
 which we take for granted, was not easy to achieve.
 It required the Christians to, as Athanasius (ca.
 –) put it, think away what was false from
 the Greek philosophical ideas that so permeated
 their education and world.
 The theological significance of ex nihilo cre-
ation is hard to overestimate. For one thing, it is a
 direct expression of God's sovereignty. All things
 in nature are made by God and subject to their Cre-
ator.   Furthermore, the triune God is not con-
tingent on anything else—a noncontingent being—
 which contrasts with the gods of the wider ANE,
 who were contingent beings.
 Another important implication of ex nihilo cre-
ation is that there can be no creation out of
 nothing without purpose. Creation was no ac-
cident on God's part. One of the divine intentions
 for nature is to become what the Father destines it
 to be in the Son. Moreover, the creation is no mere
 product of divine will and power. Fundamentally,
 nature is the outpouring of God's love. Divine love
 is expressed in the Trinity's faithfulness in both
 creating and sustaining all things (through the
 Son) and enabling the creation to come to per-
fection in Christ (through the Spirit). God's love
 for nature is grounded in the trinitarian being of
 God and the covenantal nature of divine love (e.g.,
 Jer :). Hence, the creation is no temporary or
 trifling thing to God (chap. ). 
 Since the triune love of God is the foundation of
 creation, and the loving community of the Trinity
 is a freeing love, creation is a free act of Father, Son,
 and Spirit. This connects with a point made under
 the Creator/creature distinction: the creation has a
 contingent yet distinct nature. As a result of God's
 freeing love, the creation has the contingent ration-
  22 
 This includes both material and spiritual reality. Though we
 focus on the former, the latter (e.g., angels) is also contingent
 on the triune Creator.
 ality it has as absolutely free gift, since there was
 nothing antecedent to it except for the loving com-
munion of the Trinity.
 Finally, a creation made out of nothing is par-
ticularly vulnerable. Creation is contingent and
 finite, meaning that it cannot sustain itself in being.
 It requires God's constant preserving care, or else
 it would fall back into nonexistence. Here there is
 a clear connection between God's creating out of
 nothing and general providence sustaining the
 being and order of the creation.
 2.4.   GOD'S ACTION IN
  CREATION IS MEDIATED 
 This is perhaps the most subtle and sophisti-
cated element of the doctrine of creation as well
 as the most obscure to modern Christians. Nev-
ertheless, it is crucial to understanding God's
 relationship to and acts in the creation. For
 God's action in nature to be mediated means
 divine activity in creation is shaped by or takes
 place through something else. That God's ac-
tivity in the creation is mediated does not imply
 any deficiency in power or ability. Rather, this is
 the   intentional pattern   of divine action that we
 see in the Bible and is a practical expression of
 trinitarian love for creation. Theologians
 identify three forms of mediated divine action
 in Scripture: divine command, the involvement
  23 
 This can shed some light on what it means for creation to par-
ticipate in the fall. In the loving communion of the Trinity, Fa-
ther, Son, and Spirit fully and freely give themselves to one
 another. This is the life of God, and as creation fully and freely
 gives itself to God, it seeks life in the Trinity. To the extent that
 creation falls away from fully giving itself to God, it seeks the
 way of death, the very opposite of life found in the communion
 of Father, Son, and Spirit.
  24 
 It is important to note that the ancient Israelites never under-
stood Gen – to be proving God's existence as Creator, nor
 answering questions as to how God created. They already pre-
supposed God's existence as Creator and were not interested in
 questions about the means by which God created. See Claus
 Westermann,   Creation, trans. John J. Scullion (Philadelphia:
 Fortress, ), chap. . So the Israelites did not view the con-
trast between the Gen – and other ANE accounts as a form of
 apologetics for their faith but as   proclamation   about who God
 is, their relationship to him, and their identity as God's people.
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 of the Son and the Holy Spirit, and a ministerial
 form through creation itself.
 ... Divine command.   This form of God's mediated
 action is somewhat familiar, as we see God issuing
 commands in Genesis  and responses to those
 divine commands by the creation. The giving of
 divine command or word in Genesis  and else-
where indicates that plan, order, and purpose are
 at work shaping the creation for its destiny in
 Christ. The creation is not an emanation from di-
vinity, as many religious accounts across the world
 have it. Nor is it ordered by abstract rational or
 cosmological principles, as the Ionian and Pythag-
orean natural philosophers of the classical Greek
 period believed. Instead, the creation exists
 through the loving intentions and purposes of a
 triune God, with divine command as a means
 through which divine love, power, and wisdom are
 at work in creation.
 ... God's “two hands.”   Although often forgotten in
 Christian thinking about creation, the Son and
 Spirit are always involved in mediating creation.
 Irenaeus (ca. –) famously referred to them
 as God's “two hands.” This image has an aptness to
 it: “Our hands are ourselves in action, so that when
 we paint a picture or extend the hand of friendship
 to another, it is we who are doing it. According to
 this image, the Son and the Spirit are God in action,
 his personal way of being and acting in the world.”
  25 
 E.g., Gunton,   Triune Creator.
  26 
  Colin Gunton, 
 Father, Son and Holy Spirit: Toward a Fully Trin-
itarian Theology   (London: Continuum, ), . According to
 Irenaeus, humanity was “formed after the likeness of God, and
 molded by His hands, that is, by the Son and Holy Spirit, to
 whom also He said, ‘Let Us make man'” (Against Heresies, trans.
 Dominic J. Unger and John J. Dillon [New York: Paulist, ],
  [preface, section ]; see also sections .. and ..). Aqui-
nas, in his own way, also emphasized that each person of the
 Trinity acts in the making of the creation, acting distinctly ac-
cording to their distinctive causality (Summa Theologica   [Notre
 Dame, IN: Christian Classics, ], ., -). In comparison
 with Irenaeus, Aquinas seems more reluctant to say much about
 these distinctive ways each person is involved in acts of cre-
ation. But see Bruce D. Marshal, “Putting Shadows to Flight:
 The Trinity, Faith, and Reason,” in   Reason and the Reasons of
 At the same time, there is no implication in Ire-
naeus's image that the Son and Spirit are subor-
dinate or inferior to the Father; rather, the image
 is meant to emphasize the distinct roles of the
 three persons of the Trinity, who are always fully
 engaged in creation.   Over the centuries Chris-
tians have struggled to clearly see how the Son and
 the Spirit are engaged in creation, often substi-
tuting other mediators of everything that happens
 in creation (e.g., Platonic forms, causation, created
 substances, or, more recently, laws of nature).
 However, the biblical picture is one of the Son and
 Spirit as chief mediators of creation.
 We see the Son involved in creation in various
 ways: “For in him all things were created: things in
 heaven and on earth, visible and invisible, whether
 thrones or powers or rulers or authorities;   all
 things   have been created through him and for him.
 He is before   all things, and in him   all things   hold
 together” (Col :-, emphasis added). “In the
 beginning was the Word, and the Word was with
 God, and the Word was God. He was with God in
 the beginning. Through him   all things   were made;
 without him   nothing was made that has been made”
 (Jn :-, emphasis added). In these and other
 verses, we see the Son involved in the origination,
 sustaining, ruling, and redeeming of creation.
 In the past God spoke to our ancestors through
 the prophets at many times and in various
 ways, but in these last days he has spoken to us
 by his Son, whom he appointed heir of   all
 things, and through whom also he   made the
 universe. The Son is the radiance of God's
 glory and the exact representation of his being,
 sustaining   all things   by his powerful word.
 Faith, ed. Paul J. Griffiths and Reinhard Hütter (New York: T&T
  Clark, ), -. 
  27 
 If pressed too literally, the hands imagery can lead to degrading
 the agency of the Son and Spirit. Such a literal interpretation is
 not what Irenaeus intended. We likewise should guard against
 pressing the imagery too literally. A rich account of mediated
 action always highlights the agency of the means and acknowl-
edges that each means has a distinct form of agency. This is
 what Irenaeus intended to communicate about the Father, Son,
 and Spirit's involvements in creation.
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 After he had provided purification for sins, he
 sat down at the right hand of the Majesty in
 heaven. (Heb :-, emphasis added)
 Similarly, the Spirit is also involved in creation:
 “When God began to create heaven and earth . . .
 and God's breath hovering over the waters” (Gen
 :-).   “When You send forth Your breath, they
 are created, and You renew the face of the earth”
 (Ps :).   The Hebrew word   ruah, translated as
 “breath” in these passages, can mean “breath,”
 “wind,” or “spirit.” Although the ancient Israelites
 would not have understood this, the NT authors
 understood additional meaning in such texts.
 These interpretations add reference to the work of
 the Holy Spirit (this is an example of the well-
known principle of Scripture interpreting
 Scripture). Biblically, the Spirit is always involved
 where there is life, renewal, creativity, and diversity
 (e.g., in the Psalms; Ezek :-;  Pet :). As
 noted by Jesus, “It is the Spirit who gives life” (Jn
 : ESV). The Nicene Creed captures this well:
 “We believe in the Holy Spirit, the Lord, the giver of
 life, who proceeds from the Father and the Son.”
 The Spirit is the particularizing life-giver,
 meaning that the third person of the Trinity gives
 life to every created thing in its uniqueness. Fur-
thermore, the Spirit also energizes all things in
 nature, enabling them to respond to the Son. In this
 sense the Spirit gives life to the entire creation—
 space, time, laws, matter, energy, spirit, every par-
ticular thing—and enables every particular created
 thing to fulfill the Father's purposes in Christ.
 This is an expression of the Spirit's work perfecting
 creation (§ ..). In the baptism and temptation of
 Jesus, we see the Spirit enabling and energizing
 Christ's life in one way rather than another—
  28 
  Alter, 
 Five Books of Moses, .
  29 
  Alter, 
 Book of Psalms, .
  30 
 For instance, Calvin speaks of “the Spirit who . . . sustains all
 things, causes them to grow, and quickens them in heaven and
 earth . . . transfusing into all things his energy, and breathing
 into them essence, life, and movement” (Institutes of the Chris-
 tian Religion, ). 
 toward the direction of perfection. Indeed, we
 know that Jesus, through the Spirit, was offered
 fully perfected to the Father (Heb :). Similarly,
 the Spirit works in our lives and in everything in
 the creation to ultimately be presented to the Father
 fully perfected in the Son (Rom :; Col :-).
 The point here is not that the human authors of
 the OT and NT were consciously theologizing trin-
itarian involvement in the creation. Rather, given
 the whole of the Scriptures, our understanding of
 the Trinity, and our belief that the one triune God
 is the ultimate author of Scripture, we are able to
 see Father, Son, and Spirit at work in the creation in
 distinct ways working in concert when we go back
 to particular biblical texts. For example, although
 the author of Psalm  did not have the Son and the
 Spirit in mind, it is not unreasonable in light of the
 progressive nature of revelation and the doctrine of
 the Trinity to see all persons of the Trinity involved
 in creation in Psalm :: “By the word of the Lord
 the heavens were made, their starry host by the
 breath [ruah] of his mouth.”
 In this connection, the incarnation importantly
 provides insight into how the Son freely relates to
 nature. It was through the Son that the universe
 was freely created, and it is in the incarnation that
 we see free, loving, personal interaction in and
 with the cosmos. Moreover, it was the Father who
 freely sent the Son into the world, and it was Jesus
 who freely and fully relied on the Spirit to energize
 and enable him to do the Father's will. For Christ
 to act in the world through the Spirit required no
 intermediaries that so many medieval philoso-
phers and theologians posited (e.g., Platonic forms
 or hidden essences). Jesus, through the Spirit, gen-
uinely could act in the material reality of the world
 through that materiality (e.g., transforming water
 into wine, healing the sick). Furthermore, in con-
trast to Gnostic teachings, Jesus' physical nature
 was genuine as well as a means by which he acted
 in the world through the enablement of the Spirit
  31 
  Calvin, . 
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 (e.g., cooking and eating, embracing children).
 There is much mystery in the incarnation, but we
 can say this with confidence: Jesus was fully and
 authentically human because of the energizing and
 enabling work of the Spirit.
 Likewise, the incarnation provides an example
 for the authenticity and relative freedom of all cre-
ation. The creation is enabled to be what it is called
 to be in Christ, though not by causation as logical
 implication. Rather, this is free, unpredictable, and
 effective enablement (“the wind blows wherever it
 pleases,” Jn :). And in the Spirit's transformation
 of the dead body of Jesus into the resurrected body,
 we see that the Spirit is involved in the transfor-
mation and perfecting of nature into what it is called
 to become in the Son. As Colin Gunton puts it,
 The point of stressing a trinitarian way of con-
struing the relation of Creator and creation is
 that it enables us to understand both the past and
 the continuing creative divine agency toward the
 world without closing the space between God
 and the created order. The doctrine of creation
 has to do, that is to say, with the establishment of
 the other in its own distinctive reality: not divine
 self-communication, but divine constituting of
 the world to be other, and so itself . . . [carrying]
 connotations of personal, willed, intentional,
 consistent and loving agency.
 Irenaeus's image of God's two hands points us in the
 direction of a full-orbed trinitarian and christological
 understanding of creation and God's activity in it.
 One final point: if we take seriously the Spirit's
 role in enabling and energizing the creation to
  32 
 Colin Gunton, “The End of Causality? The Reformers and Their
 Predecessors,” in   The Doctrine of Creation, ed. Colin Gunton
 (Edinburgh: T&T Clark, ), -.
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 Although a robust trinitarian doctrine draws on what is often
 called the   economic Trinity—the biblical attribution of particu-
lar actions to distinct persons of the Trinity, e.g., the Father's
 sending the Son—this in no way implies subordinationism or
 any other form of distinctness of being or inferiority among the
 three persons of the Trinity. Nor do any of the persons of the
 Trinity act independently or autonomously of the others. God
 is always wholly present in any divine acts, and those acts are
 always carried out with unanimity of love and purpose.
 become what it is called to be in the Son, then we
 can avoid the pitfall of thinking that the processes
 at work in Big Bang cosmology or the evolution of
 species are what moves nature progressively
 toward its destiny. We actually cannot say that any
 particular evolutionary development in galaxy for-
mation or the diversification of life is moving the
 creation toward God's destiny for it. All of creation,
 like us, cannot achieve all of what God has for it by
 its own means and through its own strength—
 teleology is imposed by God on nature, not au-
tonomously inherent within it. The Spirit is nec-
essary to enable the creation to become what it is
 called to be in the Son.
 ... Ministerial action.   The third and most subtle
 form of mediated divine action in nature shows up
 throughout the Bible yet seems almost hidden in
 plain sight because it is so normal and routine.
 Various parts or features of the creation are called
 and empowered to serve as mediators or ministers
 to other parts or features of creation. In this way
 nature participates in becoming what the Father
 calls it to be in the Son as the Spirit enables. For
 instance, in Genesis , “God said, ‘Let the earth
 grow grass, plants.' . . . ‘Let the waters swarm.' . . .
 ‘Let the earth bring forth living creatures'” (Gen :,
 , ).   The soil and waters bring forth—originate
 —
 life, not just reproduce it. Creation is called to
 bring forth a wide variety of creatures and multiply
 both numbers and varieties. Genesis  helps us un-
derstand that the triune Creator used means to
 form the creatures of the Earth (compare with Gen
 :). Likewise, the Spirit energizes and enables the
 creation to bring forth and diversify life, to form
 creatures.   We are familiar with how the Father
 calls and enables us through the Spirit to minister
  34 
  Alter, 
 Five Books of Moses, .
  35 
 This has implications for the origins of life debates (part ).
 Even if scientists are eventually able to determine that processes
 in nature led to the origin of the first self-replicating molecules
 and to the first life forms, we can still legitimately say that it is
 the Son who created life through these means and that it is the
 Spirit who gave life to these first forms (§   ..).
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 to others. Similarly, the Father calls and enables the
 creation to minister to itself through the Spirit.
 Since this is one of the most neglected and least un-
derstood elements of the doctrine of creation, we
 will develop and illustrate it thoroughly.
 The great creation psalm, Psalm , is filled
 with examples of the creation ministering to cre-
ation under divine call, guidance, and enabling:
 Making His chariot the clouds,
 He goes on the wings of the wind
 He makes His messengers the winds,
  His ministers, glowing fire....  
 You let loose the springs in freshets,
 Among the mountains they go.
 They water the beasts of the field,
 the wild asses slake their thirst.
 Above them the fowl of the heavens dwell,
 from among the foliage they send forth
  their voice. 
 He waters mountains from His lofts,
 from the fruit of Your works the earth is
  sated. 
 He makes the hay sprout for cattle,
 grass for the labor of humankind
 to bring forth bread from the earth,
 and wine that gladdens the heart of man
 to make faces shine brighter than oil,
 and bread that sustains the heart of man.
 The trees of the Lord   drink their fill,
 the Lebanon cedars He planted,
 where the birds make their nest,
 the stork whose home is the cypresses,
 the high mountains for the gazelles,
 the crags a shelter for badgers.
 He made the moon for the fixed seasons;
 the sun—He appointed its setting.
 You bring down darkness and it turns to night
 in which all beasts of the forest stir.
 The lions roar for prey,
  Seeking from God their food....  
 All of them look to You
 Going Further: The Incarnation as
 Example of Spirit Enablement
 The incarnation gives us insight into how the Spirit energizes and enables all things to be what they are called to be. The
 Spirit conceived Jesus in the flesh and energized the growth of his body, enabling its weaving in Mary's womb. Jesus
 lived a perfect life of obedience to the Father because he was enabled to freely and perfectly rely on the Spirit's power
 to lead a humble, obedient life. Moreover, Jesus freely did and spoke only what the Father gave him to do and say. This
 was accomplished through the Spirit, who enabled Jesus to fully and wholeheartedly follow the Father. All Jesus' mira-
cles were performed through the Spirit's power. Jesus was brought back to life—resurrected—by the Father through
 the Spirit. In short, Jesus was sustained by the Spirit, perfected by the Spirit, served the Father's purposes by the Spirit,
 lived, died, and lived again through the Spirit.
 In an analogous way, every created thing—from quarks to organisms to galaxies—is energized and enabled by the
 Spirit to be what it is called to be in the Son and to serve the Father's purposes. The Spirit works such that every created
 thing fully exhibits its nature and becomes fully what it is called to be. And because this relationship of the Spirit is ulti-
mately based on covenant love, this is a freeing relationship of enablement conferring a relative freedom to all created
 things. Of course, the sin nature of humans—that constant tendency to go opposite the Spirit's direction and act only
 in our own strength—is a reality that is dealt with through the cross and the perfecting of the Spirit. So humans stand
 in need of a particular form of perfection that is a full and final removal of our sinful nature. Quarks and galaxies do not
 have sinful natures but stand in need of other forms of perfection—as demonstrated by Jesus' resurrection body—so
 that they become new creation in Christ.
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 to give them their food in its season.
 When you give them, they gather it in,
 when You open Your hand, they are sated
  with good. 
 When You hide Your face, they panic,
 You withdraw their breath and they perish,
 and to the dust they return.
 When You send forth Your breath, they are
  created, 
 and You renew the face of the earth.
 Here we see trees and mountain crags providing
 shelter for animals, water and grass providing sus-
tenance and refreshment for plants and animals,
 cycles of day and night and the seasons sustaining
 the livelihoods of plants and animals, lions looking
 for their food from God by hunting for it, and so
 forth (compare with Job :-, -; :-,
 -; :-). Or think of Jesus' statement
 “Look at the birds of the air; they neither sow nor
 reap nor gather into barns, and yet your heavenly
 Father feeds them” (Mt : NRSV). The diets of
 birds are quite diverse, as various species eat seeds,
 plants, insects, worms, rodents, and more. Dif-
ferent species deploy different strategies for finding
 food, but all of these feeding behaviors are de-
scribed by Jesus as the Father feeding them—by
 being active in the creation so that it provides the
 foods needed by birds through their hunting and
 scavenging. Both the psalmist and Jesus exhibit at-
titudes of praise and honor to God for providing
 food for all creatures. Compare with Psalm ,
 where we are exhorted to “Acclaim the Lord, for
 He is good” because, among other acts, God is the
 One “Who gives bread to all flesh, for His kindness
 is forever.”   The view of the psalmist, as well as all
  36 
 Psalm :-, -, -, in Alter,   Book of Psalms, -.
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 Alter, -. Here we have important overlap between God's
 ongoing work of creating life and the providential sustaining of
 life. Nevertheless, we should be careful not to conclude that,
 because God is providentially ministering to life through the
 creation in ways that are abundant, we can use and consume
 creation's abundant resources as we see fit for our desires. This
 is to abuse God's good creation for our own self-centered pur-
poses (chap. ). 
 of the OT authors, was that God was present and
 active in everything that happens.
 The ministerial nature of creation means that
 the Trinity endowed nature with the capacities to
 bring about creation in participation with the Son
 and Spirit. The Son did not craft a creation that is
 static, mechanically repeating cycles of birth,
 growth, decline, and death. This kind of partici-
pation in fulfilling the Father's purposes shows up
 in the first chapter of Genesis: “And God said, ‘Let
 the earth bring forth living creatures of each kind,
 cattle and crawling things and wild beasts of each
 kind.' And it was so. God made wild beasts of each
 kind and cattle of every kind and all crawling
 things on the ground of each kind, and God saw
 that it was good” (Gen :-).   Note that Genesis
 : has Earth functioning to “bring forth”—
 originate—living creatures in response to divine
 command, while Genesis : pictures God as
 making these creatures (or perhaps establishing
 the functions of reproduction and diversification).
 Genesis :- is similar. The text is not schizo-
phrenic here, saying one moment that soil and
 water are bringing forth and sustaining creatures
 and then the next moment that God is bringing
 forth and sustaining creatures. Rather, the message
 is that creation is called and empowered to bring
 forth and sustain varieties of living creatures, but
 this also is God's activity—exactly the pattern
 Psalm  praises God for.   The Son made the cre-
ation creative through the enablement of the Spirit.
 Genesis : is the first of eleven occurrences
 of the Hebrew phrase   ‘elleh toledot   (translated as
 “This is the account of ” or “This is the generation
 of” or “These are the developments that arise out
 of”) in the book of Genesis. There is some
  38 
  Alter, 
 Book of Psalms, .
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  John Walton, 
 The Lost World of Genesis One: Ancient Cosmol-
ogy and the Origins Debate   (Downers Grove, IL: InterVarsity
  Press, ). 
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 For example, see Mark Noll and David Livingstone, “Introduc-
tion: B. B. Warfield as Conservative Evolutionist,” in   B. B. Warf-
ield: Evolution, Science and Scripture, Selected Writings   (Grand
 Rapids: Baker Books, ), -.
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 dispute among biblical scholars as to how these
 phrases relate the text that precedes the phrase
 to the text that comes after. Nevertheless, ten of
 the occurrences are related to genealogies (
 §
 .). Hence at first it may seem odd that   ‘elleh
 toledot   as a literary structuring device would be
 introduced with reference to “the heavens and
 the earth,” a phrase intended to exhaustively in-
clude everything created. However, if we see the
 ministerial activity of the creation as a form of
 divine action mediated through nature, then the
 biblical formula in Genesis : is parallel to the
 subsequent occurrences. This formula indicates
 that what follows describes what is generated by
 or develops out of the heavens and the earth. The
 emphasis is not on the means or processes by
 which the heavens and the earth were generated.
 The analogy here is with how genealogical ac-
counts function, where the emphasis is on pro-
genitors and descendants, not on the means of
 reproduction. Just as in Genesis , the text indi-
cates that the creation genuinely brings about
 life and diversity, while the Trinity brings about
 life and diversity   through creation.
 There are numerous examples of mediated
 action where an activity is attributed to one
 person but carried out through—mediated by—
 others as means. For example, Genesis :-
 tells us that during the seven years of bumper
 crops in Egypt, “Joseph collected” what the land
 produced and “Joseph stored” huge quantities of
 grain. Yet clearly Joseph did not go around Egypt
 and do this by himself. Rather, according to his plan
 and orders, huge numbers of laborers built store-
houses and granaries, gathered up the abundant
  41 
 For instance, in Gen :- we read “On the day the Lord   God
 made earth and heavens, no shrubs of the field being yet on the
 earth and no plant of the field yet sprouted, for the Lord   God
 had not caused rain to fall on the earth and there was no human
 to till the soil, and wetness would well from the earth to water
 all the surface of the soil” (in Alter,   Five Books of Moses, -).
 Again we see creation's ministerial nature in the intimate link
 between rain and plant life springing forth from the soil spoken
 of in Ps .
 crops the people brought to the storehouses, and
 accumulated them for the coming famine years. As
 another example,  Chronicles : tells us that
 Moses made the tabernacle, but his “making” was
 mediated through the Israelites giving the mate-
rials, artisans and skilled laborers creating the in-
dividual components, and a large team of people
 assembling the final product. In this example,
 notice that Exodus – explicitly states that God
 gave artisans such as Bezalel and Oholiab the
 wisdom and ability to design and make all the ar-
tifacts, which they accomplished through other
 Israelites, so the pattern of mediated action con-
tinues. In other words, the Spirit enabled the ar-
tisans and skilled laborers to carry out the work
 they had been called to do with the skills and
 wisdom they had been given.
 We also find numerous examples in the Bible
 where actions and events are attributed to God in
 the lives of God's people but are mediated through
 human beings. For instance, consider biblical de-
scriptions of battles in Israel's history. According to
 Deuteronomy :, when Israel approaches battle,
 the people should not fear or dread the enemy:
 “For the Lord   your God goes before you to do
 battle with your enemies to save you.”   Sometimes
 God “fought” these battles in extraordinary me-
diated ways such as through hail storms (Josh
 :-). Most often, however, God fought through
 the Israelite soldiers (e.g., Deut :-;  Sam :-
 ). For instance,  Samuel  records the story of
 how God threw the Philistines into a great terror
 through the deft surprise attack of Jonathan and
 his armor bearer. “Come up behind me, for the
  Lord has given them into the hand of Israel....  
 [Jonathan] has performed this great deliverance in
 Israel . . . with God he has wrought this day” ( Sam
 :, -).   In all instances the biblical accounts
  42 
 Compare also Deut : with Ex :. Moses “made” the ark of
 the covenant but did so through the skill and agency of Bezalel.
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 picture God fighting in a mediated way, whether
 through humans or through other means.
 As another example, consider Paul's statement
 to Christians at Ephesus and other cities in the
 region: “[Christ] came and proclaimed peace to
 you who were far off and peace to those who were
 near” (Eph : NRSV). This preaching was done
 by Paul and his traveling companions. Again we
 see the idea of mediated action: Jesus' preaching
 takes place through Paul and other Christians.
 This is the pattern throughout the Bible: God's
 activity in the creation is manifested through cre-
ation, whether animate or inanimate parts of
 nature. Genesis – and the creation psalms are
 filled with examples of divine action mediated
 ministerially through creation (e.g., reproduction,
 provision of food and shelter). Ecological ex-
amples are particularly compelling illustrations
 of the ministerial nature of creation. Most of us
 are familiar with how hummingbirds, and a va-
riety of insects such as bees, visit flowers to feed
 on sugars. In the process they transfer pollen
 from one flower to another, enabling fertilization.
 This is one of the ways in which birds and insects
 minister to flowering plants through their normal
  activity of feeding. 
 Another ecological case illustrating Psalm 's
 emphasis on the beauty and grandeur of the or-
dinary ministerial operations of nature is seed dis-
persal, so critical to the survival of plants. For in-
stance, creatures such as the Central American
 agouti forage for Brazil nuts and store them in
 hidden caches for later use. If these nuts are for-
gotten, as some usually are, they can germinate
 and grow into new Brazil nut trees in a new lo-
cation, spreading the reach of these trees. However,
 if the nuts are cached too close to conspecific trees,
 context, compare with  Sam :, where Israel proclaims of the
 king they seek that he will “go out before us and fight our bat-
tles.” Of course, kings did not normally sally forth and fight each
 other as lone combatants or take on whole armies single-
handed. Rather, a king's fighting for his people was mediated
 through those very people in the form of an army that he led.
 then competition among those trees and the nuts
 makes it much more unlikely that the latter will
 germinate. It turns out that agouti tend to move
 their nut caches multiple times (up to eighteen
 times in some instances!) to avoid their caches
 being raided by others. The more often the cached
 nuts are moved, the more likely it is that they are
 dispersed away from other conspecific trees.
 Agouti attempts to protect their cached nuts result
 in better germination conditions for the nuts that
 remain uneaten.   Seed dispersal is mediated
 through the ordinary hunting and feeding activ-
ities of creatures such as agouti.
 Or consider the apple snail in the Pantanal Wet-
lands of South America.   It eats all manner of dead
 plants, bacterial mats, and so forth, recycling the
 nitrogen that fertilizes the Pantanal's rich plant
 growth. This snail plays a pivotal role in the health
 and maintenance of this vast ecosystem. By eating
 and recycling dead plant materials, among other
 things, the apple snail ministers to this ecosystem,
 mediating the great diversity of plant and animal
 life in the Pantanal.
 Two points to note about the ministerial form
 of divine mediated action: first, this form of me-
diated action is also crucial to the Christian com-
munity's understanding of the inspiration and au-
thority of Scripture. The Bible is God's Word given
 to us, so it is a divine book ( Tim :). At the
 same time, God's Word was written by human
 beings through their personalities and historical
 circumstances, so the Bible is also a human book
 ( Pet :-). In other words, God wrote the
 Scriptures through the agency of human beings
 enabled by the Spirit (§ ..).   This is an example
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 Letters    (December ): -.
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 Secrets of Our Living Planet, directed by Gavin Maxwell and
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 of God's mediated activity in nature. Second, such
 mediated activity in creation helps us see that sci-
entific investigation can reveal the depths to which
 creation ministers to creation (all the way down to
 elementary particles) as well as reveal more in-
sights about our triune Creator.
 ... Three modes of mediated action together.   These
 three modes or forms of divine action—divine
 command, “two hands,” and ministerial—should
 not be thought of as incompatible or in compe-
tition with one another. Rather, the biblical picture
 is of all three working in concert. They are inter-
connected to one another because they all are
 forms of divine action. Divine command indicates
 God's transcendence over all of creation, the two
 hands of Son and Spirit indicate God's immanence
 in all of creation, and the ministerial indicates the
 very properties and processes God has given the
 creation. God commands nature to bring forth
 living creatures, and it responds ministerially,
 originating and diversifying life under the sus-
taining supervision of the Son and the energizing
 and enablement of the Spirit. Indeed, God's com-
mands imply that creation's functional integrity is
 able to fully participate in carrying out divine com-
mands as enabled by the Spirit. The picture is of
 the Trinity as transcendent king and sovereign
 over the creation while also being the intimately
 skilled crafters of a creation whose nature is to
 bring forth and sustain life through the very
 presence and power of God.
 Throughout the Scriptures, then, we see a con-
sistent pattern of mediated action, where God
 works through means to achieve divine purposes.
 We should expect that this pattern of mediated
 action holds for all God's dealings with creation,
 salvation, and sanctification (§ ..).
  2.5. GOD'S ONGOING 
  ACTIVITY IN CREATION 
 There is a prevalent line of thinking that God ceased
 creating at the end of the first creation account
 (Gen :–:). Hence, it is important to emphasize
 that these three forms of trinitarian mediated
 action do not take place only at the origin of the
 creation. They are ongoing expressions of God's in-
volvement in nature.   For instance, divine
 command certainly is present at the beginning of
 creation (“And God said . . .”), giving structure,
 order, and function to the cosmos. But God's ac-
tivity mediated through command is also involved
 in the ongoing sustaining and guiding of the cre-
ation (“Let there be . . .” and “Let the earth bring forth
 . . .”). The soil and seas are still bringing forth living
 creatures. So divine word continues to structure and
 order the creation and uphold its functionality
 through the Son. Indeed, God's command in the
 origin of creation is the same command that is cur-
rently sustaining and guiding nature:
 Let them praise the name of the Lord,
 for at his command they were created,
 and he established them for ever and ever—
 he issued a decree that will never pass away.
  (Ps :-) 
 They deliberately ignore this fact, that by the word
 of God heavens existed long ago and an earth was
  formed out of water and by means of water....  
 But by the same word the present heavens and
 earth have been reserved for fire, being kept until
 the day of judgment. ( Pet :,  NRSV)
 Similarly, the Son and Spirit are active in the origin
 as well as the ongoing sustaining and guiding of
 the creation to its destiny in Christ. Also notice
 that divine command and ministerial forms of
  48 
 Again, the doctrines of creation and divine providence overlap
 significantly on this point.
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 As Peter goes on to say, these are the fires of the judgment and
 destruction of the ungodly that are part of God's bringing about
 of new creation, where the heavens, Earth, and the elements will
 be “dissolved with fire” ( Pet : NRSV). There are many ways
 something can be dissolved, and in this case, it is the dissolving
 away of everything ungodly and impure (e.g., using fire to burn
 away dross to purify gold). Compare with Rev :: “And the one
 who was seated on the throne said, ‘See, I am making all things
 new'” (NRSV). The Son is making   all things new, not making a
 replacement creation. Second Peter :- does not imply that the
 current creation will dissolve away into nothingness.
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 action are described here (“by the word of God,”
 “by means of water”).
 God's divine word structures the ongoing devel-
opment of nature, and what was started “in the
 beginning” the Father will finish through the Son
 and Spirit. Here are two implications of taking
 God's ongoing mediated activity in the creation
 seriously. First, Genesis –: is by no means a
 picture of a finished, completed creation. This text
 describes the beginning and ongoing pattern for
 the work of God's project of creation that is being
 consummated in Christ. This pattern involves all
 three forms of divine mediated action. There is no
 creation without God's ongoing work of creating
 and redeeming. Second, the regularities God es-
tablished in the creation that minister to and
 provide the capacity for creation to become what
 the Father calls it to be in the Son are the same
 regularities that scientists study. From the per-
spective of the doctrine of creation, scientists are
 studying God's regular activity as it is mediated
 through command, God's two hands, and ministe-
 rially through nature. 
 Often we see various groups within Christi-
anity conceiving of scientists as offering alter-
native explanations for God's activity in creation,
 an expression of the false either-or dilemma dis-
cussed above. In contrast, the different forms of
 ongoing divine mediated action help us see that
 the sciences actually investigate God's activity,
 both past and present, whether or not scientists
 realize this. From this vantage point we can see
 scientists as revealing aspects of God's mediated
 activity in the creation, which can inspire our
 praise as surely as the psalmist in Psalm 
 praises God for such mediated activity (see also Ps
 :-). When scientists unravel the behavior of
 stars and supernovae, the formation of the Earth,
 and the ecological roles of the agouti and the apple
 snail, we can celebrate what has been revealed
 about God's work in creation to the praise of our
  Creator and Redeemer. 
 ... Personal involvement of the Trinity.   We are used
 to thinking about how God is personally involved
 in the lives of his people. In contrast, we rarely
 think about how the Trinity is personally involved
 in the creation.   Personal involvement is pictured
  50 
 Thinking of God's personal involvement in the creation largely
 went out of fashion in the eighteenth century (Turner,   Without
 God, Without Creed), whereas up to that point Christians gener-
ally tended to conceive of God as having close forms of involve-
ment with nature. Nevertheless, Christian thought has always
 Going Further: Christ as Creator, Ruler,
 Sustainer, and Redeemer of Creation
 Jesus is involved in the origination of the creation and installation of its functionality: “For in him all things were created:
 things in heaven and on earth, visible and invisible, whether thrones or powers or rulers or authorities; all things have
 been created through him and for him” (Col :; see also Jn :-; Heb :-).
 He is also involved in the ongoing sustaining of the creation: “He is before all things, and in him all things hold to-
gether” (Col :; see also Heb :-;  Cor :).
 Jesus is involved in ruling and governing the creation: “And he is the head of the body, the church; he is the begin-
ning and the firstborn from among the dead, so that in everything he might have the supremacy” (Col :; see also Mt
 :-; Mk :-, where Jesus exercised rule over creation through the power of the Spirit).
 Finally, Jesus is involved in redeeming the creation, where all of reality—physical and spiritual—is being made new:
 “For God was pleased to have all his fullness dwell in him, and through him to reconcile to himself all things, whether things
 on earth or things in heaven, by making peace through his blood, shed on the cross” (Col :-; see also Rom :-).
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 at the beginning of Scripture: “On the day the Lord
 God made the earth and heavens . . .” (Gen :).
 The Hebrew word translated as “Lord” is Yahweh,
 God's personal name revealed to Moses. So early in
 the second creation account in Genesis  we have
 an indication of personal involvement with all as-
pects of creation, humanity in particular. Moreover,
 that God's action in creation is mediated through
 the Son and Spirit implies that the Trinity's in-
volvement in nature is intimate and loving. This is
 pictured beautifully for us in Psalm :: “For
 you created my inmost parts, wove me in my
  mother's womb.” 
 In addition to the origin of all things, the Trinity
 is personally involved in preserving and sustaining
 nature: “The Son is the radiance of God's glory and
 the exact representation of his being, sustaining all
 things by his powerful word” (Heb :). “The Lord
 our God, who gives autumn and spring rains in
 season, who assures us of the regular weeks of
 harvest” (Jer :). God is personally involved as
 well in governing and guiding the creation to its
 destiny in Christ: “The Lord   set His throne in the
 heavens and His kingdom rules over all” (Ps
 :).   “For the creation was subjected to frus-
tration, not by its own choice, but by the will of the
 one who subjected it, in hope that the creation
 itself will be liberated from its bondage to decay
 and brought into the freedom and glory of the
 children of God” (Rom :-). Here Paul indi-
cates that the ultimate destiny of creation is tied to
 our destiny. The Son is not only the Creator of
 heaven and Earth but their Redeemer too.
 struggled with its view of God's sovereignty lapsing into a rather
 abstract, impersonal form of causation (see Gunton, “End of
  Causality?”; Triune Creator). 
  51 
  Alter, 
 Five Books of Moses, .
  52 
  Alter, 
  Book of Psalms 
 , . See also Ps :: “Your hands made
 me and set me firm,” in Alter, , and Job :-: “Your hands
 fashioned me and made me . . . like clay You worked me,” in
 Robert Alter,   The Wisdom Books: Job, Proverbs and Ecclesiastes
 (New York: W. W. Norton, ), .
  53 
  Alter, 
 Book of Psalms, .
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 Admittedly, it is difficult to understand fully what it means for
 creation to participate in the fall, but as Colin Gunton points
 One of the most important points about main-
taining a robust trinitarian approach to creation is
 highlighting the rich, personal forms of mediated
 divine action in nature. As such, we can theologi-
cally make sense of the personal nature of God's
 activity in creation. At the same time we can also
 maintain the genuine reality and activity of the
 creation that God loves so much (e.g., the Creator/
 creature distinction) and that scientists study.
 ... Purpose for creation.   God continues to be at
 work in the creation because, as Scripture reveals,
 the Trinity has several purposes for creation. Of
 course, central to these purposes is exhibiting
 divine glory: “Ever since the creation of the world
 his eternal power and divine nature, invisible
 though they are, have been understood and seen
 through the things he has made” (Rom : NRSV).
 “The heavens tell God's glory, and His handiwork
 sky declares” (Ps :).   This display of glory calls
 forth a response of worship. Nevertheless, as Paul
 makes clear in Romans , left to ourselves hu-
manity focuses that worship on the marvels of
 nature rather than on the Creator.
 The glory that God receives through creation is
 not the “self-glorification” of an egotistical person.
 No person of the Trinity is egotistical; rather, they
 are always other focused. Ancient Hebrew and
 classical Greco-Roman cultures were honor cul-
tures, in which seeking and receiving appropriate
 forms of glory and honor were seen as virtuous
 (e.g., receiving honor as a result of right action).
 Moreover, it is God's glory to love and create, and
 God's people are invited to share in that glory.
 God's sustaining and remaining active in the cre-
ation redounds to praise. In short, creation brings
 the glory of praise to God, who loves and honors it.
 Just as it is in the nature of the persons of the
 out, “in some way or other the created order suffered a primal
 catastrophe of cosmic proportions, and that human sin—a dis-
rupted relation with the creator—is in some way constitutive of
 it” (Gunton,   Triune Creator, ).
  55 
  Alter, 
 Book of Psalms, .
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 Trinity to give and receive glory to and from one
 another (e.g., Jn :), so God gives glory to and
 receives praise from creation. The freeing love of
 God is for our benefit as well as all of creation, with
 full glorification of creation being the new creation.
 Another of God's purposes for creation is to
 serve as his temple: “And He built on the heights
 His sanctuary, like the earth He had founded
  forever” (Ps :). “The Lord reigns....  Yes, the 
 world stands firm, not to be shaken. Your throne
 stands firm from of old” (Ps :-).   “This is what
 the Lord   says: ‘Heaven is my throne, and the earth
 is my footstool'” (Is :). The idea of creation as
 God's temple and divine rule are explicitly linked
 in Genesis :: “By the seventh day God had fin-
ished the work he had been doing; so on the
 seventh day he rested from all his work.” In ANE
 cultures, a god “rested” by occupying the throne of
 their temple and ruling (§ .).   This under-
standing contrasts sharply with our modern
 notion of resting from work (see Ps :-, -).
 Moses' audience would have immediately under-
stood Genesis : to be declaring that God was
 seated on the throne and ruling, where the whole
 of creation was God's temple rather than a building.
 Another of God's purposes, often overlooked, is
 the outpouring of God's love. Because God is “a
 communion of persons existing in loving relations,
 it becomes possible to say that he does not need
 the world, and so is able to will the existence of
 something else   simply for its own sake. Creation is
 the outcome of God's love, indeed, but of his un-
 constrained love.” 
 There is a deep biblical sense in which all of cre-
ation has value because it is made for its own sake.
 This is part of what God's pronouncing it “very good”
 means. Out of freeing triune love, the creation is
 given to become uniquely what it is called to be in
  56 
  Alter, . 
  57 
  Alter, . 
  58 
 Temples in ANE cultures were miniature copies of or “control
 rooms” for the realms their gods ruled.
  59 
  Gunton, 
  Triune Creator 
 , , emphasis added.
 Christ. For example, God lovingly accommodates
 divine command to the being of nature and the
 freedom given it. God does not say “Be!” but “Let
 there be . . .” and “Let the earth bring forth . . .” giving
 creation freedom to participate in making creatures.
 Moreover, the Son gives grace to creation to be a re-
ality other than God (as in the Creator/creature dis-
tinction). Finally, the Spirit graciously energizes and
 enables nature to become itself. The Father's loving
 grace toward creation is much like his loving grace
 toward you to become uniquely who you are called
 to be in Christ through the Spirit because of divine
 love for you. God lovingly purposes that creation
 participate in becoming new creation.
 A further purpose flowing directly out of God's
 love is to populate creation with life: “I made the
 earth, and created humankind upon it” (Is :
 NRSV). “He did not create [the Earth] a chaos, he
 formed it to be inhabited!” (Is : NRSV). And
 inhabited not just with human life. In Genesis  we
 see that God intended a diversity of life. It was
 God's loving intention all along for nature to be
 teeming with life produced through the en-
ablement of the Spirit.
 And last, but certainly not least, God lovingly
 intends for the creation to be an arena for compre-
hensive redemption—human as well as the rest of
 creation (Rom :-). Christians sometimes
 think about redemption only in terms of “saving
 souls.” The triune God's redemption is for the
 whole human—body and soul—as well as the en-
tirety of the created order, “which he purposed in
 Christ, to be put into effect when the times reach
 their fulfillment—to bring unity to all things in
 heaven and on earth under Christ” (Eph :-).
 “For God was pleased to have all his fullness dwell
 in him, and through him to reconcile to himself all
 things, whether things on earth or things in heaven,
 by making peace through his blood, shed on the
 cross” (Col :-).   Paul includes “all things” in
  60 
 Note again the use of the phrase “on earth or things in heaven”
 as a way of indicating   all   created things.
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 Christ's reconciling work. This makes sense given
 Paul's cultural and theological heritage: at no
 period in Israel's history did the people draw a dis-
tinction between a redeeming God and a creating
 God. For them God was one. Hence, Paul makes no
 such distinction. The story of creation is the story
 of redemption, and the story of redemption is the
 story of creation. A thoroughly christological doc-
trine of creation recognizes that creation and re-
demption are united in Christ.
 The love of the Savior for creation is demon-
strated in many ways, but one of these is identifying
 with the very matter and energy that the Son is re-
deeming and perfecting through the Spirit. God
 through the incarnate Son is working redemption
 out here and now and everywhere. Creation is not
 a mere platform on which the drama of human sal-
vation is played out; rather, creation itself is inti-
mately part of the drama of redemption.
 It is unlikely that the Trinity's personal in-
volvement in and purposes for the creation are
 scientifically detectable, though. After all, scien-
tific methods are not particularly good at dis-
cerning purpose; instead, they are designed to
 understand nature's properties and processes
 (chap. ). The sciences help us understand more 
 about God's creation. Nevertheless, the authors of
 Job, the Psalms, and the various NT letters had no
 problems seeing God's activity and purposes in the
 creation. Although those wedded to scientism
 likely will only think that what is scientifically de-
tectable exists, the doctrine of creation affirms
 otherwise.   Whether we can always see it or not,
 Father, Son, and Spirit are as intimately involved in
  61 
 This also provides creation's telos: created through the Son, re-
deemed through the Son's incarnation, crucifixion, and resur-
rection, it will be consummated in the Son to the praise of the
 Father through the Spirit.
  62 
 Some of the implications of the redemption of the material
 order will be discussed in chap. . 
  63 
 Edward Feser, “Blinded by Scientism,”   Public Discourse, March
 , , www.thepublicdiscourse.com///; Ian 
 Hutchinson,   Monopolizing Knowledge: A Scientist Refutes Reli-
gion-Denying, Reason-Destroying Scientism   (Belmont, MA:
  Fias, ). 
 creation   now—from quarks, to kingdoms, to the
 entire cosmos—as at its beginning.
 The appropriate response to all these aspects of
 God's glorious and loving purposes is worship and
 praise of our Creator and Redeemer!
 ... Creation/salvation/sanctification parallel.   An-
other element of the doctrine of creation lost since
 the eighteenth century is that God's action in cre-
ation parallels his action in salvation and sanctifi-
cation.   For instance, creation, salvation, and
 sanctification are all mediated by the Son and the
 Spirit. As another example, creation, salvation, and
 sanctification, at their root, are fundamentally
 based in the overflow of the Trinity's freeing love.
 God's loving gift of the creation is not dependent
 on already existing matter (indeed, matter is part
 of this gift) and so is an act of sovereign freedom.
 Likewise, the loving gift of redemption is not de-
pendent on any existing or future merit in sinners
 but is an act of sovereign freedom.
 When examining the Bible, we see these par-
allels show up in numerous ways. For instance,
 God saves in space and time, and God creates in
 space and time. Genesis – largely focuses on one
 place—Earth. The Hebrew word   yom, translated
 “day” in Genesis , indicates that the original cre-
ation was not instantaneous but extended in time.
 Furthermore, compare Genesis  with the de-
scription of Israel's deliverance from Egypt in
 Exodus :-. These two accounts use the same
 language of spirit or wind blowing, of the sepa-
ration of waters from land, among other parallels.
 The very same vocabulary of the creation account
 is involved in Israel's deliverance from Egyptian
 slavery. For another example, compare Isaiah
 :, where God creates the stars, calling them by
  64 
 As Turner describes in
 Without God, Without Creed, a distinc-
tion between how God acts toward the creation versus toward
 people developed that had a strong relationship to eighteenth-
century deism. In essence, God was seen as being hands off
 after some initial creation event. Many Christians followed this
 line of thought while maintaining that God remained intimately
 involved in the lives of people.
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 name, and Isaiah :, where God redeems his
 people, calling them by name.   Such parallels con-
tinue in the NT. For instance, in  Corinthians :
 Paul draws an explicit parallel between the cre-
ation of a new community through redemption in
 Christ and ex nihilo creation.
 Historically, the earliest attempt to distinguish
 God's activity in creation from salvation is found
 in the second-century Gnostics, who conceived of
 salvation as escape from the material world. This
 is a tendency we must always be on guard against.
 Creation and salvation are united in Jesus Christ
 in the prologue of John's Gospel, where the same
 Word through whom everything is created comes
 into creation as Redeemer (Jn :-). This linkage
 also appears in the OT, as in Isaiah :-, for in-
stance. As Athanasius argued, “The first fact you
 must grasp is this: the renewal of the creation has
 been wrought by the Self-same Word who made it
 in the beginning. There is thus no inconsistency
 between creation and salvation; for the One Father
 has employed the same Agent for both works, ef-
fecting salvation of the world through the same
 Word Who made it in the first place.”   Creation
 and redemption mutually give each other
 meaning: without creation, there is nothing to
 redeem; without redemption, creation loses its
 eschatological purpose. Creation and redemption
 come together in the new creation, as the triune
 Creator—Father, Son, and Spirit—also is the
 triune Redeemer (see chap. ). Indeed, creation 
 is linked with redemption through sabbath
 worship in Genesis :-; Exodus :-; and
  Deuteronomy :-. 
 God also sanctifies in space and time: “For it is
 God who is at work in you, enabling you both to
 will and to work for his good pleasure” (Phil :
 NRSV). “And all of us, with unveiled faces, seeing
  65 
 Also compare Ps : and Ex : with the blending of imagery
 of God separating the waters in Gen :- with the exodus in
  Ps :-. 
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  Athanasius, 
  On the Incarnation 
 , .. John Calvin sounds a simi-
lar note (e.g.,   Institutes   ..).
 the glory of the Lord as though reflected in a
 mirror, are being transformed into the same
 image from one degree of glory to another; for this
 comes from the Lord, the Spirit” ( Cor :
 NRSV). “So if anyone is in Christ, there is a new
 creation: everything old has passed away; see, ev-
erything has become new!” ( Cor : NRSV). In
 particular, the Spirit renews and restores in space
 and time. We see the Spirit's work in the resto-
ration of Israel in the vision of the valley of bones
  (Ezek :-). 
 Tellingly, we see this in Jesus' resurrection: “the
 Spirit of him who raised Jesus from the dead”
 (Rom : NRSV). “[Jesus] was put to death in the
 body but made alive in the Spirit” ( Pet :). In
 sanctification the Spirit of Christ works in our
 lives to bring about growth and change. This takes
 place at a pace suited to our human nature, never
 moving us faster than our humanity can accom-
modate (though sometimes it feels otherwise).
 Similarly in creation: the Spirit of Christ works
 with and through natural processes suited to their
 nature, never moving faster than those processes
  can accommodate. 
 A particularly important parallel among God's
 action in creation, salvation, and sanctification is
 God's patient action. Here you should not think
 of God as sitting around and waiting; rather, God
 is always at work in patient, loving, intentioned
 ways. We are used to thinking of God as love ( Jn
 :) and that love is patient ( Cor :). And we
 are so thankful that the Father patiently worked
 in our lives and drew us to Christ through the
 Spirit. But God's patient action is not limited to
 salvation alone. Think about God's creating in
 time and space. If the Trinity's relationship to
 creation is fundamentally one of freeing love,
 then God is not impatient or in a rush. Space and
 time form an arena for patient action: “For you
  67 
 At least this is the case in God's normal dealings with creation.
 An important category of miracles is where God acts outside the
 bounds of creation's processes (e.g., Christ's walking on water,
  the resurrection). 
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 created my inmost parts, wove me in my mother's
 womb” (Ps :).   Nine months is lots of pa-
 tient, deliberate action! 
 God's patient action in creation is related to
 divine purposes for the creation to become itself.
 The Father loves nature enough to patiently work
 with it and give it grace to become what it is
 called to be in Christ suited to its created being.
 Likewise, the Spirit enables creation to fulfill this
 calling in ways suited to its contingent rationality.
 Furthermore, God's patient action in the creation
 is seen in the ministerial way divine activity is
 mediated through creation (“Let the earth bring
 forth . . .”). The Trinity is active in nature so that
 it participates in becoming itself under the super-
intendence of the Son and the enablement of the
 Spirit in a timeframe suited to the contingent ra-
tionality the Father gave it. So when scientists
 discover that the Alps are rising one to two mil-
limeters per year on average due to the collision
 of the African and European tectonic plates, so
 that it took fifty million years to achieve their
 current height, we can praise God for patiently
 working through nature's functional integrity to
 create the Alps we see today.
  2.6. MIRACLES 
 Clearly the doctrine of creation has much to say
 about God's ongoing relationship to and activity in
 the creation, what we can call the Trinity's normal
 activity in nature. But what about those extraor-
dinary events we call miracles? How do those fit in
 with the doctrine of creation? And what implica-
tions do miracles have for scientific inquiry?
 Discussion of miracles usually takes place in
 the context of distinguishing between natural and
 supernatural events. Defining supernatural
 versus natural is tricky, but the intuition seems to
 be that there is a normal course of operations in
  68 
  Alter, 
  Book of Psalms 
 , . Again, Ps : and Job :- are
 instructive here. God works patiently through gestation, birth,
 physiological growth from baby to adult, family, friends, and
 communities to create a mature, fully functioning adult.
 nature. Any event that is an intervention in or
 violation of this normal order by God would then
 be supernatural—above or apart from the
 “natural.” This distinction is not found anywhere
 in Scripture. In the ANE no one thought in such
 categories. Moreover, the biblical authors think
 that God is involved in everything (e.g., Ps ;
 Col :-). The natural/supernatural distinction
 developed much later, and people have imposed
 it on the Bible as they have tried to make sense of
 the events described in its pages and human ex-
perience. The doctrine of creation helps us see
 why this is a nonbiblical distinction: since the
 Trinity is always intimately involved in every-
thing that happens in creation, there are no
 events in which God is uninvolved.
 Still, the idea of divine intervention has had
 lasting appeal, particularly under the influence of
 deistic ideas of an independent, self-operating cre-
ation. Since the eighteenth century it has become
 customary to think of miracles as violations of
 natural laws (David Hume's formulation). We can
 understand a miracle of this type as God going
 beyond creation's functional integrity. This is to
 speak of God's acting in creation in ways differing
 from the usual mediated activity described above
 in sections .-.. The incarnation and resur-
rection would be examples. This interventionist
 line of thought contributed directly to the false
 dilemma discussed earlier, in which miracles as
 violations of laws of nature represent the first horn
 of the dilemma, while the laws operating inde-
pendent of God represent the second horn.
 But before the modern concept of natural laws
 was formulated in the seventeenth century, an-
other conception of miracles was anything God did
 leading to awe and wonder (e.g., Augustine's for-
mulation). This conception of miracles can include
 God acting apart from creation's functional in-
tegrity, such as resurrections. But it also includes
 instances of the Spirit's enabling nature's processes
 to work much more rapidly than their normal, ex-
pected rates, for instance. An example would be
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 Matthew :-. When Jesus touched Peter's sick
 mother-in-law, she was rapidly and fully healed.
 The human body has the natural capacity to heal
 a wide variety of diseases and wounds. In this in-
stance the Spirit enabled those healing capacities
 to perform these tasks at a much more rapid pace
 but still within the limits of the body's functional
 integrity. This healing could be recognized as mi-
raculous because of how unusual or unlikely it
 was to witness such rapid healing, leading to
  wonder and awe. 
 Therefore, there is no biblical warrant for re-
stricting God's activity in nature to some kind of
 violation or suspension of creation's functional in-
tegrity. The rich forms of mediated divine activity
 in the doctrine of creation allow us to see God's
 miraculous ways with creation's functional integrity
 fully involved in such instances as unexpected
 healings, timely gifts of money or food that avert
 the closure of an orphanage, or the avoidance of a
 near accident. However, mediated forms of divine
 activity also allow us to see that the Trinity is just as
 involved in the ongoing workings of gravity, plant
 growth, and nuclear fusion inside stars (compare Ps
 ). It is actually a false choice to think that God is
 active in nature only when there are miraculous
 “violations” of the contingent rational order; oth-
erwise, this order carries on without any divine
 involvement whatsoever (the either-or dilemma
 described above). The doctrine of creation implies
 that the Trinity is as intimately involved in the
 gravity keeping you glued to the Earth's surface as
 in resurrecting Lazarus from the dead.
 If God can intervene in nature, what does this
 mean for scientific investigation since such inquiry
 presupposes a fixed, repeatable, inviolable order?
 If we can never know for sure when God might do
 something that defies the normal order, is there
 still motivation for searching out and under-
standing regularities? A comprehensive doctrine
 of creation helps us see that this concern is mis-
placed. The doctrine of creation   affirms   that the
 regularities we experience and study are genuine,
 representing God's normal ways of acting in and
 through creation—the creation has contingent ra-
tionality. This means there is actual order and
 functional integrity to search out and understand.
 Moreover, nature's order and functional integrity
 are sustained by a faithful, loving Creator, meaning
 these regularities fulfill divine purposes.
 Therefore there are plenty of theological reasons
 to think that the order and functional integrity of
 the creation are genuine and the norm for God's
 activity in nature. Scientists can study creation's
 processes with confidence that there is genuine
 knowledge to be gained. Furthermore, as scientists
 study these processes, they reveal the beauty and
 order of God's creation. This is cause for thanks-
giving and praise to our triune Creator! Theologian
 Thomas Torrance summarizes the implications of
 God's freely giving creation its contingent ratio-
nality and relative freedom for scientific inquiry
  this way: 
 Since the universe is not only created out of
 nothing but maintained in its creaturely being
 through the constant interaction of God with it,
 who will not let it slip away from him into
 nothing but grounds its existence on his eternal
 faithfulness, the universe is given a stability
 beyond anything of which it is capable in its own
 contingent state. It is this combination of contin-
gence, rationality, freedom and stability of the
 universe, under God, which gives it its re-
markable character, and which makes scientific
 exploration of the universe not only possible for
  us but incumbent upon us....  [The creation's] 
 on-going processes are characterized by intrinsic
 structures which God himself, not only by cre-
ating the universe but by maintaining it in being,
 affirms as real   even for himself in the actuality of
 his relation to the universe, and which therefore
 he obliges us to respect as upheld by his divine
 sanction. This applies to the orderly objective
 connections which we bring to light through our
 scientific inquiries . . . but since they are what
 they objectively are in the creation through its
 relation to the creator himself,   we cannot think of
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 his interaction with the universe as in any way
 interfering with its laws or thereby introducing
 disorder into what he has made, but rather the
 reverse, as reinforcing its contingent rationality
 and giving constancy to its immanent order.
 Torrance goes on to say,
 It is in that light also that we must regard the in-
carnation of the Son of God who as the eternal
 Logos is the divine agent of creation through
 whom it derives its rational order. Hence the in-
carnation is not to be regarded as an intrusion
 into the creation or the structures of space and
 time, but rather as the freely chosen way of God's
 rational love in the fulfilment of his eternal
 purpose for the universe.
 Rather than violations of laws of nature, we should
 think of Jesus's miraculous acts
 within the limits, conditions, and objectivities of
 our world, not as involving in any way the sus-
pension of the space-time structures which we
 call “natural law,” far less implying the abrogation
 of the God-given order in nature they express,
 but rather as the re-creating and deepening of
 that order in the face of all that threatens to break
 it down through sin, disease, violence, death and
 evil of any kind.
 Physicist Robert Boyd suggests that our per-
ceived problem with miracles and scientific in-
  69 
  Thomas F. Torrance, 
 Divine and Contingent Order   (Edinburgh:
 T&T Clark, ), , , emphasis added.
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  Torrance, -. 
 quiry is mostly a matter of perspective: “It seems
 to me that the Bible never views miracle as ‘vio-
lation of nature.'For my own part I am happy to see
 in natural law our account of the regularities we
 can see in the activities of God and to regard those
 unusual features in the pattern which men call
 miracles as being still God's activity and in no
 sense irregular from the divine point of view.”
 The doctrine of creation, with its emphasis on the
 variety of forms of divine mediated action, helps us
 see that the properties and processes God gave to
 creation are not violated when God acts, whether
 acting normally (functional integrity) or in special
 ways (signs and wonders). The creation's func-
tional integrity was never intended by God as the
 be-all and end-all of everything that happens in
 creation. On the other hand, when God acts in
 ways that are not part of that functional integrity
 (e.g., in the incarnation and resurrection), there is
 nothing “unnatural” to God about such acts—they
 are fully consistent with divine plan and purpose.
 Miracles add to the created order in a way that fits
 with God's purposes for timing and meeting needs,
 and most importantly in testifying to the Creator
 and Redeemer of all things.
 With the doctrine of creation as theological
 background, let us turn to ways of knowing about
  the creation. 
  71 
 Robert L. F. Boyd, “Reason, Revelation and Faith,” in   Christian-
ity in a Mechanistic Universe and Other Essays, ed. Donald M.
 Mackay (Chicago: InterVarsity Press, ), . For a similar
 view, see Tim Morris and Don Petcher, Science and Grace: God's
 Reign in the Natural Sciences   (Wheaton, IL: Crossway, ).
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  KNOWLEDGE AND FAITH IN 
  PURSUING ORIGINS QUESTIONS 
  THIS CHAPTER COVERS: 
 Knowledge and ways of knowing
 Common-sense presuppositions underlying all
  forms of inquiry 
 Similarities between religious and scientific
  faith 
  Ex nihilo creation 
 The effects of the fall on common-sense
 presuppositions and scientific inquiry
 Miracles and the uniformity of nature
 Whether you realize it or not, the previous two
 chapters were about knowledge. After all, prin-
ciples of interpretation and the doctrine of cre-
ation are bodies of knowledge. Where did we get
 such knowledge? In the case of the doctrine of
 creation, it is revealed to us through the Scriptures
 and through creation, mediated through our
 means of studying these two sources. The sciences
 also discover knowledge about creation and its
 origins. To understand what these kinds of
 knowledge claims mean, we need a framework for
 thinking about knowledge and ways of knowing.
 Then we can turn to specifics about scientific and
 theological ways of knowing in chapter four. 
  3.1. DEFINING KNOWLEDGE 
 We start with what looks to be a very ordinary,
 nontechnical definition of knowledge. If you were
 to take an epistemology class, you would find that
 philosophers have pursued a number of different
 definitions of knowledge over the centuries. Those
 definitions turn out to have various sorts of
 problems (some rather technical in nature). The
 whole semester would be spent finding out what
 these problems are and how difficult it is to remedy
 them. All the while you would be learning—
 gaining knowledge—about our history of and
 problems with defining knowledge! It seems that
 we do not need to have the definitive definition of
 knowledge to be able to have knowledge.
 All of this is to say that though there is no con-
sensus about a problem-free theory of knowledge,
 humans still know lots of things. As a practical
 suggestion, start by thinking about how
 knowledge arises in our ordinary ways of living
 and coping with the things that we run into in
 daily life. We have knowledge of something if   we
 are thinking of, speaking of, or otherwise treating
 something as it genuinely is on an appropriate basis
 of thought and experience.
 This definition captures a lot of what we mean
 in a practical sense by knowledge and how it shows
 up in human activity. We make use of appropriate
 bases and experience for knowledge all the time.
 For example, we have knowledge of a hammer
  1Adapt 
 ed from Dallas Willard,
 Knowing Christ Today: Why We
 Can Trust Spiritual Knowledge   (New York: HarperOne, ), .
 We leave the word   representing   out for various technical reasons
 that need not concern us here. Willard does a good job of ad-
dressing questions about whether spiritual knowledge is on
 weak footing compared to scientific or other forms of knowl-
edge. Read in conjunction with James Turner's   Without God,
 Without Creed: The Origins of Unbelief in America   (Baltimore:
 Johns Hopkins University Press, ), you can understand how
 the prejudice against spiritual knowledge developed as well as
 how that prejudice plays out in contemporary American culture.
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 when we can recognize it and use it appropriately
 for driving nails into a board. Or when you arrive
 at the airport for an international flight and are
 asked about the contents of your carry-on luggage
 (e.g., you are asked whether you packed your bags,
 when and where did you pack them, have they
 been out of your sight for any period of time), the
 airport procedures are keyed to an appropriate
 form of thought and experience to ascertain
 knowledge of the safety of your luggage. When we
 speak of and use arithmetic as it is on the basis of
 thinking about and working with its rules, order,
 and powers, we have knowledge of arithmetic. You
 know how many coins are in your pocket by ac-
curately counting them. Or someone can know
 your favorite flavor of ice cream by asking you and
 listening to what you say.
 When there is an inappropriate basis of thought
 and experience, then there is no knowledge. For
 instance, racial and ethnic profiling is based on
 neither appropriate thinking nor appropriate expe-
rience. There is no knowledge in such profiling;
 rather, prejudice and ideological biases are at work.
 Profiling happens when people do not exercise an
 appropriate basis of thought and experience. Simi-
larly, we cannot answer a scientific question about
 the composition of chemicals in a test tube by ap-
plying a basis of thought and experience appro-
priate to literary criticism. Although rather unas-
suming at first glance, our definition of knowledge
 works as well as it does because the clause “on an
 appropriate basis of thought and experience” spec-
ifies the contextual relevance of the basis for the
 kind of knowledge we are seeking (e.g., scientific,
 theological, aesthetic, historical, personal).
 We saw in chapter two  that the doctrine of cre- 
ation teaches that every created thing has genuine
 2
 This is an example of an approach to epistemology known as
 contextualism. See Michael Williams,   Problems of Knowledge: A
 Critical Introduction to Epistemology   (Oxford: Oxford University
 Press, ). Contextualism should not be confused with relativ-
ism. See Robert C. Bishop,   The Philosophy of the Social Sciences
 (London: Continuum, ), chap. .
 properties and processes. Discovering those prop-
erties and processes so that we treat something as
 it genuinely is requires ways of knowing things that
 are appropriate to those properties and processes.
 There is no reason to think that human knowing is
 a one-size-fits-all method. Moreover, there are dif-
ferent kinds of knowledge: scientific, historical,
 theological, aesthetic, embodied, and so forth.
 There are bases of thought and experience appro-
priate to each form of knowledge. In this book we
 will primarily focus on scientific knowledge (what
 the sciences discover or try to clarify) and theo-
logical knowledge (what theology discovers or
 tries to clarify). The following parts of the book go
 into some detail about the forms of thought and
 experience appropriate to astronomy, biology,
 chemistry, geology, and physics.
 We gain knowledge by pursuing various ways of
 knowing. For instance, the natural sciences obvi-
ously study nature, but their methods have appro-
priate links with evidence of particular kinds. These
 method-evidence links provide the basis for scien-
tists' claims that they know something. We will be
 talking about many of these links in this book.
 However, knowledge is not only method-
evidence links. Any kind of knowledge produced
 in such a link also depends on a particular form of
 knowledge called   presuppositions. Presuppositions
 can be characterized as assumptions or beliefs that
 are necessary for some other piece of knowledge to
 be meaningful or true. There are various kinds of
 things that we have to be able to assume or rely on;
 otherwise, we cannot even get the ball rolling to
 have any knowledge whatsoever. There are whole
 hosts of things that we have to assume are not in
 question while we examine a particular belief or
 idea that currently is in question. Later we may
 need to put one of the provisionally unquestioned
 ideas or beliefs we were presupposing into question.
 What we can never do is question everything si-
multaneously. In short, we cannot know anything
 unless we presuppose something.
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 You may have grown up in a household where
 your parents repeated the saying “It takes money
 to make money.” This principle is true enough. For
 example, you have to have enough money to be
 able to pay to put gas in the car to be able to go to
 work so you can earn money to be able to put gas
  in the car, to be able to go to work....  It takes 
 money to make money. Knowledge is similar. It
 takes knowledge to make or discover knowledge.
 Presuppositions are kinds of knowledge that
 occupy this special position. We have to assume
 their truth or basic reliability for any other
 knowledge to be possible, or for us to be able to
 understand what something actually is.
 The sciences are not immune to this. They are
 also based on presuppositions. The only way scien-
tists can know something about the features of the
 world that they are studying is similar to any other
 knowledge-making activity. Scientists have to
 make particular kinds of presuppositions as pre-
conditions for even being in the knowledge
 business. The most basic presuppositions under-
lying scientific inquiry should be such that they
 enable inquiry but   do not bias   a line of inquiry
 toward a particular conclusion.
  3.2. SCIENCE'S PRESUPPOSITIONS 
 These presuppositions can be separated into two
 categories. The first are specialized presupposi-
tions specific to what physicists have to assume to
 do physics, chemists have to assume to do chem-
istry, biologists have to assume to do biology, and
 so forth. We will address some of these specialized
 presuppositions later in the book, as they are dis-
cipline specific. The second category comprises
 those presuppositions making scientific inquiry
 possible in general. Here we will focus on these
 more basic presuppositions. The following, while
 not an exhaustive list, is enough for us to get most
 of the essential ones on the table:
 •
 Provisional truth/conditional certainty is
  possible. 
 •
 The external world exists.
 •
 Sense perception is basically reliable.
 •
 Reason is basically reliable.
 •
  Nature behaves uniformly. 
 •
 Nature exhibits consistent patterns.
 •
  Nature is intelligible. 
 •
 Knowledge of nature is largely worldview
  independent. 
 •
 Humans share common capacities for inquiry.
 We will take each one of these in turn.
 ... Provisional truth/conditional certainty is possible.
 Scientists assume that there is truth to be known.
 But scientific investigation is aimed at a particular
 kind   of truth, a provisional or conditional truth.
 The kind of truth scientists are after is provisional
 in the sense that it is conditioned by what we cur-
rently know. This is a form of   beyond-reasonable-
doubt knowledge. It may come as a surprise to you,
 but beyond-reasonable-doubt knowledge is the
 only kind of knowledge empirical methods are
 well suited to produce. Such methods are not good
 at producing absolute certainty. In short, to have
 absolute certainty using empirical methods re-
quires omniscience. We would have to collect all
 possible evidence relevant to and understand all
 possible influences on a thing to achieve absolute
 certainty about it. An example would be knowing
 the properties of electrons. Since there are 
 electrons in the universe, it simply is not possible
 to examine all electrons to achieve omniscience.
 Instead, empirical methods excel at being able to
 tell us what things we can know right now to the
 best of our ability. Scientists always remain open to
 empirical methods leading them to new discov-
eries that can cause us to have to revise what we
 know today. This kind of beyond-reasonable-doubt
 knowledge—we presently have no good, contex-
tually relevant reasons to doubt our current
 knowledge on the subject at hand—is the ongoing
 3
 Compare with Williams,   Problems of Knowledge, chaps. -.
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 business of science. So we can gain a high degree
 of confidence in our knowledge of electrons even
 if we cannot achieve absolute certainty.
 Such provisional knowledge is actually quite
 common. For instance, in legal contexts beyond-
reasonable-doubt standards are used (e.g., prepon-
derance of evidence). The omniscience required
 for certainty typically is unattainable. But so long
 as the prosecution can build an appropriate
 evidence-based case and the defense is unsuc-
cessful at raising contextually relevant reasons for
 doubting the prosecution's case, the legal standard
 for knowledge is met. Of course, just as with the
 sciences, if new relevant evidence is discovered
 calling the conviction into question, then the case
 is reviewed and the previously well-supported
 legal judgment is reevaluated. We have confidence
 in the trial system because it often gets things right
 and we can discover when mistakes have been
 made. It is similar for the sciences.
 Or think about medicine, where doctors and
 nurses also use beyond-reasonable-doubt stan-
dards for knowledge in diagnosis and treatment.
 Consider two hospitals: Sister Certainty and St.
 Mary's of Beyond Reasonable Doubt. At Sister Cer-
tainty, the doctors and nurses apply knowledge as
 certainty to their diagnosis and treatment, whereas
 at St. Mary's, they apply beyond-reasonable-doubt
 knowledge. If you were to compare the patient out-
comes at both hospitals, you would see that very
 few patients who enter Sister Certainty leave alive
 other than those who would otherwise get well on
 their own. This is because the doctors and nurses
 search for certainty before rendering a diagnosis
 and certainty for prescribing treatment. Such cer-
tainty is rarely achievable in medical contexts. Pa-
tients would never get diagnosed and treated. In
 contrast, St. Mary's has patient outcomes compa-
rable to all other good hospitals because they aim
 for beyond-reasonable-doubt standards for diag-
nosis and treatment, and they adjust as the results
 of treatment come in.
 Notice that in the cases of the sciences, law, and
 medicine, it is   contextually relevant   phenomena
 that count, not mere logical possibilities. Scientists,
 for instance, focus only on what is physically pos-
sible within the contexts they are studying. They
 never focus on logical possibilities, because the
 latter possibilities are far too broad and almost
 never relevant by themselves (§ .).
 Newton's law of gravitation is a good historical
 example of how this works out in the sciences. In
 the eighteenth and nineteenth centuries, scientists
 claimed Newton's law was true so far as the evi-
dence at the time indicated. There was only one
 major stubborn empirical problem with Newton's
 law known at the time: it predicted the wrong rate
 for the advance of Mercury's perihelion around the
 Sun.   At the time no one knew what to do with this
 exception. All other predictions of Newton's law
 appeared correct within the accuracy of observa-
tions possible in that time period. Early in the
 twentieth century, Einstein showed in his general
 theory of relativity (§ .) that there was more to
 gravity than Newton's law. It turns out that the
 latter law is a kind of special case of the way that
 nature operates as described by Einstein's theory.
 Based on what scientists learned through Einstein's
 work and its empirical tests, they had to revise
 their thinking about how gravity works. And they
 were able to calculate the correct rate of advance
 for Mercury's perihelion. Their knowledge was up-
dated, and their scientific understanding of gravity
  moved forward. 
 And lest you think that scientists are now
 certain in all they know about gravity, well, that
 knowledge also is provisional, based on what we
 know so far. In fact, physicists face a similar situ-
ation today to the case of Newton's law of gravity in
 the nineteenth century. We realize that Einstein's
 general relativity (our best theory of gravity) and
 4
 The perihelion is the point in a planet's orbit that is closest to
 the Sun. In the case of Mercury, its orbit does not repeat exactly, so
 the point of closest approach actually orbits or advances around the
 Sun at a rate that can be observed and calculated (see § ., fig. .). 
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 quantum mechanics (our best theory of ele-
mentary particles) do not agree or mesh with each
 other at the scale of elementary particles.
 Therefore, scientists expect that what we cur-
rently know will change at some point in the future
 because of new discoveries that will be made. The
 change may be minor, moderate, or major—their
 current knowledge is provisional with a degree of
 confidence warranted by the current evidence. Thus
 when scientists speak about truth, they mean what
 they currently have confidence in, conditional on
 what they currently know. Although they may not
 spell it out explicitly, it is assumed that discoveries
 will be made in the future, forcing them to revise,
 rethink, reinterpret, or maybe even scrap their
 current best ideas. Sometimes we just have to wipe
 the slate clean and start all over again, though that
 is rare historically. Most of the time scientists are
 engaged in an ongoing project of reworking, re-
fining, and extending ideas as we discover new
 things. Scientists follow the spirit of Newton's fourth
 rule of reasoning, which tells us to consider our cur-
rently well-supported ideas as provisionally true
 until such time as a contextually relevant obser-
vation is made that disagrees with these ideas. At
 that point we do not throw our ideas away. Rather,
 we refine the ideas in question and seek to under-
stand the reasons for the newfound exceptions,
 eventually producing a fuller scientific under-
standing regarding the phenomena to be explained.
 It is important to note that presupposing the
 existence of provisional truth does not imply that
 there are no absolute truths. Rather, the point is
 that once we commit ourselves to empirical
 methods, provisional truths are the relevant kinds
 of truths such methods can produce. The revision
 of scientists' theoretical ideas is at the very heart
 of the scientific enterprise. Yet it is not unlike how
 we have to revise our everyday knowledge as we
 5
  See Peter Achinstein, 
 Science Rules: A Historical Introduction to
 Scientific Methods   (Baltimore: Johns Hopkins University Press,
  ), -. 
 discover new things about familiar ideas. In
 everyday contexts we call this learning. The
 remaining parts of this book will give several
 examples of this Newtonian process in astronomy,
 geology, chemistry, evolutionary biology, and
  physical anthropology. 
 ... The external world exists.   The existence of the
 external world either is obvious to you or is deeply
 mysterious, depending on how you think about the
 world outside your body. Much philosophical ink
 has been spilled on its existence. But scientists
 must presuppose that a genuine world exists that
 has a significant degree of mind independence.
 Indeed, the world would be what it is independent
 of whether humans were here or not. For example,
 electrons would have the properties they do and
 respond to the forces they respond to, whether we
 were here to theorize about and experiment on
 them or even intellectually developed enough to
 theorize and experiment. There are things that
 exist outside and apart from human minds to be
  explored and known. 
 If there were no such world, then there would not
 be anything for scientists to study and, hence, no
 motivation to engage in scientific exploration. Pre-
supposing an actual world does not imply that we
 will achieve exhaustive knowledge of it. But the as-
sumption that there is a genuine world to be studied
 is crucial to motivating the scientific enterprise.
 ... Sense perception and reason are basically reliable.
 The next two presuppositions can be taken together.
 As mentioned earlier, scientists gain knowledge by
 particular sorts of method-evidence links. All of
 these method-evidence links presuppose the basic
 reliability of sense experience and reason. For in-
stance, the very idea of a controlled experiment
 6
 For an example from astronomy that illustrates how scientists
 deal with provisional knowledge, see Bertram Schwarzschild, “A
 Close-Up Look at an Unusually Powerful Gamma-Ray Burst,”
 Physics Today    (February ): -. For a theological de-
fense of provisional knowledge, see Colin Gunton,   The One, the
 Three and the Many: God, Creation and the Culture of Modernity
 (Cambridge: Cambridge University Press, ).
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 depends on the fact that our senses are basically
 reliable. The very act of observing is coherent only
 if we are first presupposing that our senses are ba-
sically trustworthy as means for gaining knowledge.
 There is no requirement that our senses be perfect,
  just basically reliable. 
 Reasoning is a broad practice of explaining,
 justifying, or otherwise giving appropriate
 reasons or justifications for something, making
 something intelligible, and thinking things
 through, among other intellectual tasks. To say
 that scientists presuppose the basic reliability of
 reason is to say, for example, that when they are
 calculating or theorizing about something, these
 activities presuppose that the ability to calculate,
 theorize, and explain is basically reliable. Again,
 there is no requirement that our reasoning
 powers be perfect, just basically reliable.
 Sense experience and reason are key means by
 which scientists attain knowledge. Without the as-
sumption that sense experience and reason are
 basically reliable, there is nothing scientists could
 do. Indeed, without these two assumptions, there
 is nothing anyone could do! These are basic as-
sumptions that everybody makes in any kind of
 knowledge business, from getting out of bed in the
 morning in time to go to class or work, to deter-
mining whether you have enough money to buy
  your groceries. 
 Notice that there is a link here with the as-
sumption of a genuine external world. Sense ex-
perience for the sciences is tied to a material or
 physical reality that scientists engage.   This is not
 to say that human sense experience is only of
 physical reality, only to point out that the kinds of
 sense experience on which scientific investigation
 relies presuppose there is a genuine physical
  world to observe. 
 7
 If someone is enamored of scientism—only scientific methods
 produce genuine knowledge—this link could be interpreted as
 leading to the (ultimately unsupported) conclusion that since
 scientific observations do not reveal God, no such being exists.
 See   §   . for some discussion of scientism.
 ... Nature behaves uniformly.   For our reason and
 sense experience to inform us about creation, we
 need some further presuppositions. One presup-
position that scientists make is that nature is
 uniform. The idea basically is that natural laws and
 the processes that scientists study are the same
 everywhere and everywhen in the universe. Gravity
 works the same in North America as it does in
 Africa, as it does in South America and on the
 Moon and in the Andromeda Galaxy. As well,
 gravity works the same between the Earth and
 Moon as it does for any of the planets orbiting the
 Sun or any exoplanets orbiting their stars. Gravity
 is a universal force and was the same yesterday as
 it is today and will be tomorrow. The very idea of
 searching out and discovering laws of nature pre-
supposes this kind of uniformity to creation, and
 this is exactly the kind of world we might expect
 based on the doctrine of creation's insistence on
 functional integrity (§ ..) and the ministerial
 nature of creation (§ ..).
 Uniformity is tied to something very important
 for the sciences: repeatability. We expect that if a
 scientist is measuring the mass of an electron in
 the United States, while another scientist is doing
 so in China, they will get the same results (barring
 some mistake being made). Moreover, repeating
 the experiments at later times and with different
 methods will yield the same results.
 This kind of uniformity of nature is part and
 parcel of what makes the scientific enterprise what
 it is. We do not prove that nature is uniform; rather,
 we presuppose this in the very nature of scientific
 inquiry. If nature were not uniform—say, if it were
 changing all the time—then the sciences would be
 out of business. Scientific claims made today
 would be invalid tomorrow. Scientists, and
 everyone else for that matter, would be out of the
 knowledge business because there would be little
 if any knowledge to be had.
 ... Nature exhibits consistent patterns.   The presup-
position that nature exhibits consistent patterns is
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 related to but different from the assumption of uni-
formity. A very important set of these consistent
 patterns is cause-effect connections. For instance,
 every day you leave your home, you open the door
 and you step outside. When you reenter your home,
 you open the door and step inside. That is a reliable
 kind of cause-effect connection. Keys lock and
 unlock doors, turning a doorknob and pushing or
 pulling opens and closes doors, and so on. If such
 patterns were not consistently persistent, you
 might or might not successfully leave your home
 or reenter on any given day. Nor would you be able
 to make any predictions about the future.
 These are the kinds of patterns that scientists try
 to discover. Scientists do not try to discover the ins
 and outs of one-off events, those unique events
 that happen only once. Science's method-evidence
 links cannot study those sorts of events.   Scientific
 methods presuppose consistent, persistent pat-
terns. For example, controlled experiments must
 be carried out repeatedly. We do them over and
 over again so that we can discover the pattern, look
 at how the statistics work out, see where the
 sources of error are, and study as many subtleties
 of cause-effect connections as we can. The exis-
tence of persistent patterns is crucial to the very
 nature of scientific inquiry.
 ... Nature is intelligible.   Furthermore, scientists
 presuppose that nature is intelligible; otherwise,
 scientific inquiry would have nowhere to go. If
 nature is not genuinely understandable, at least to
 some degree, then there is nothing scientists could
 do to understand it. It would not matter if nature
 were uniform and had persistent patterns. If it
 were not possible for us to make sense of the con-
tingent rationality of creation, scientific methods
 could not give us any purchase on what the physical
 world is like and how it operates.
 Einstein once remarked, “The most incompre-
hensible thing about the universe is that it is
 8
 Hence, if miracles are typically one-time occurrences, the sci-
ences cannot study them.
 comprehensible.”   Part of what he meant by this is
 explained in a letter to his longtime friend Maurice
  Solovine: 
 You find it strange that I consider the comprehen-
sibility of the world (to the extent that we are
 authorized to speak of such a comprehensibility)
 as a miracle or as an eternal mystery. Well,   a
 priori, one should expect a chaotic world which
 cannot be grasped by the mind in any way . . . the
 kind of order created by Newton's theory of grav-
itation, for instance, is wholly different. Even if
 the axioms of the theory are proposed by man,
 the success of such a project presupposes a high
 degree of ordering of the objective world, and
 this could not be expected   a priori. That is the
 “miracle” which is being constantly reinforced as
  our knowledge expands. 
 The methods of scientific inquiry would be powerless
 to reveal anything if nature were not intelligible.
 ... Knowledge of nature is largely worldview inde-
pendent.   That the sciences presuppose that
 knowledge of nature is largely worldview inde-
pendent may seem somewhat surprising to Chris-
tians. The claim is not that knowledge of nature is
 totally worldview independent, only that it is
 largely so because natural science inquiry is fo-
cused on mind-independent properties and pro-
cesses of creation. Roughly, you can think of this
 as a focus on what the properties and process
 would be like if no humans were here observing
 them. For instance, an undetected cancer behaves
 the same way as one that is detected on almost all
 worldviews, though different worldviews may
 affect how we choose to treat cancer.
 Suppose scientists are trying to discover the
 properties of the HN virus that causes swine flu.
 Worldview independence means that it should
 not matter whether somebody in North America
 9
 Albert Einstein, “Physics and Reality,” in   Ideas and Opinions,
 trans. Sonja Bargmann (New York: Bonanza, ), .
  10 
 Albert Einstein, “March , ,” in   Letters to Solovine, –
    (New York: Philosophical Library, ), . Notice that
 Einstein is drawing on all of these fundamental presuppositions.
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 who is a Christian is looking through the micro-
scope, versus somebody in China who is a Bud-
dhist or Marxist communist, versus a Muslim in
 Tehran. The properties of the HN virus do not
 change based on our cultures or worldviews. This
 is part of the mystery of comprehensibility Ein-
stein spoke about so eloquently—that humans
 are able to grasp mind-independent order in
 nature. Hence, scientists with widely different
 worldviews can come to understand what makes
 the HN virus tick.
 There are numerous aspects about how creation
 works that are independent of the vast majority of
 worldviews. Properties such as the mass and
 charge of electrons do not depend on worldviews;
 the properties of lava and its convective flow do not
 depend on worldviews; the fusion reactions in the
 cores of stars do not depend on worldviews. The
 list could go on longer than there is space in this
 already large book. If it were not the case that
 knowledge of nature is largely worldview inde-
pendent, scientific investigation would be impos-
sible except, perhaps, for those few who had the
 “correct” worldview. Instead, most anyone can do
 scientific inquiry who wants to, provided they
 devote themselves to appropriate training, exhibit
 care and attention to details, and have basic curi-
osity about how things work.
 We have said that the sciences presuppose that
 knowledge of nature is   largely   worldview inde-
pendent. There are two reasons for framing the
 presupposition with this caveat. First, any world-
views that are inconsistent with the fundamental
 presuppositions we have been discussing are not
 going to be conducive to knowledge of any type.
 Second, there may be some worldviews that deni-
grate or otherwise discourage scientific investi-
gation and knowledge. Such worldviews would
 not be consistent with this presupposition and
 scientific inquiry in general. Setting such world-
views aside, the knowledge business of scientific
 inquiry is open to all other worldviews. Another
 caveat is that this presupposition applies only to
 knowledge of nature, not all knowledge what-
soever. Other kinds of knowledge may be very
 worldview   dependent   (e.g., knowing Christ is
  largely worldview dependent). 
 This worldview independence of knowledge
 of nature is actually a theological implication of
 common grace: God reveals knowledge of
 nature through nature to any who study it,
 largely regardless of worldview. For instance,
 Buddhist, Marxist, Christian, and atheist scien-
tists can all accurately determine the mass and
 charge of electrons, the atomic structure of
 helium, or the molecular structure of salt if they
 apply the standard scientific tools and tech-
niques. Just as God graciously makes it rain on
 the just and the unjust (Mt :), so God dis-
penses scientific knowledge to people across a
 wide variety of worldviews.
 ... Humans share common capacities for inquiry.
 This leads to the last presupposition on the list.
 Humans do share a common set of capacities for
 inquiry that are deployed in scientific investigation.
 This is not a claim about some kind of universal,
 timeless human nature. Instead the claim is that
 we have common capacities through which we
 engage the world. We have various sorts of intel-
lectual capacities, physiological capacities, emo-
tional capacities, and so forth that enable us to
 grow food, build shelter, and learn things. These
 capacities enable us to be knowers by engaging in
 empirical and theoretical inquiry. As long as every-
thing is in good working order, as the saying goes,
 scientists as human beings have the right stuff to
 do their work. And anyone can engage in scientific
 investigation if they apply their capacities appro-
priately (though as with all human capacities,
 some will be better at applying them to scientific
 inquiry than others). This presupposition is ex-
hibited by college and university programs: if we
 train our students well, they will be able to engage
 in successful scientific investigation.
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  3.3. SCIENCE'S PRESUPPOSITIONS 
  AS COMMON SENSE 
 Scientific inquiry depends on a significant list of
 basic presuppositions enabling it to produce
 knowledge. Whether scientists realize it or not,
 they are acting on these presuppositions at every
 point in their work. You may have noticed, however,
 that this list of presuppositions looks a lot like what
 makes our ordinary, everyday ways of knowing
 and engaging the world possible. Scientific inquiry
 actually depends on the same set of presupposi-
tions that every human being makes every day in
 the ordinary business of living and knowing. Ad-
mittedly, we rarely make these presuppositions
 explicit. Nevertheless, it is important to remind
 ourselves that the scientific enterprise is built on
 very basic presuppositions, just as any other
 knowledge enterprise is. All knowledge humans
 gain in any kind of inquiry is based on these pre-
suppositions even though the means for obtaining
 knowledge usually differs from discipline to disci-
pline (in accordance with the “appropriate basis of
 thought and experience” from our definition of
 knowledge for each discipline).
 Section . lists common-sense presupposi-
tions that you have used throughout every day of
 your life. Every time you open or close a door,
 every step you take when walking, every time you
 sort through choices to come to a decision, these
 presuppositions are in play. You do not think about
 them constantly. If you did you would get a lot less
 done in life. We basically internalize these presup-
positions and act in the world with these presup-
positions in the background. But out of sight does
 not mean out of mind. These presuppositions are
 always doing their work behind the scenes of our
 everyday activity. They form an important part of
 the background knowledge and understanding of
 the world that humans draw on every day.
 Even though their research articles and mono-
graphs do not discuss these common-sense pre-
suppositions, scientists cannot do their scientific
 work without them. These presuppositions serve as
 preconditions for any forms of human learning. At
 the same time, they do not bias that learning
 toward any particular conclusions outside those
 worldviews that cannot support the presupposi-
tions (see § .. and below).
  3.4. JUSTIFYING SCIENCE'S 
  COMMON-SENSE 
  PRESUPPOSITIONS 
 There is a very important question about these pre-
suppositions: Scientific inquiry depends on these
 fundamental presuppositions, but can scientists'
 methods be used to demonstrate the truth or va-
lidity of these presuppositions? No, because any
 use of scientific methods already presupposes
 these common-sense assumptions. Therefore, sci-
entists cannot “scientifically” demonstrate the pre-
suppositions they depend on all the time. To at-
tempt to do so would be to commit the
 question-begging or circular-argument fallacy.
 This suggests we need some other basis for justi-
fying or motivating these presuppositions. The
 only real resource we have is something that is
 more fundamental than scientific practice. At this
 point we have to appeal to a worldview to find the
 justifications or motivations for these common-
sense presuppositions. Even the sciences have to
 assume that these presuppositions are justified
 based on some deeper worldview that goes far
 beyond scientific forms of inquiry.
 Of course, one of these presuppositions is that
 knowledge of nature is largely worldview inde-
pendent. Not all worldviews can be in the
 knowledge game (e.g., radical skepticism that es-
chews all possibilities for knowledge). Similarly for
  11 
 Similarly, the kind of evidentialism exemplified by W. K.
 Clifford—“It is wrong, always, everywhere, and for anyone to
 believe anything upon insufficient evidence” (in   Lectures and
 Essays   [London: Macmillan, ], )—is incoherent. The
 evidence Clifford would appeal to is only meaningful given the
 common-sense presuppositions. We do not believe these pre-
suppositions based on the kind of evidence Clifford demands;
 rather, we assess such evidence based on these presuppositions.
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 the justification of these common-sense presup-
positions: not all worldviews have the right stuff to
 justify or motivate these presuppositions. Radical
 skepticism, for instance, cannot provide any justi-
fication or motivation for these presuppositions.
 There is no knowledge possible, according to this
 worldview, so no such presuppositions even exist.
 Forms of animism, wherein everything in nature is
 animated by its own spirit that follows its own
 whims, would not be able to justify these presup-
positions. There would be no reason to expect
 nature to be uniform, exhibit consistent patterns,
 or be intelligible on such a worldview.
 Can a Christian worldview justify or motivate
 the common-sense presuppositions? A compre-
hensive biblical doctrine of creation (chap. ) can 
 do the job. For example, the Creator/creature dis-
tinction, ex nihilo creation, and God's purpose for
 creation to have a genuine contingent rationality
 distinct from the divine ground the existence of a
 genuinely existing world. These plus the functional
 integrity of creation ground nature's uniformity,
 persistent patterns, and intelligibility. Divinely me-
diated action contributes here, too. The uniformity
 and persistence of nature's patterns of behavior are
 sustained by Christ and enabled by the Spirit.
 Moreover, because God's ongoing loving activity in
 creation is mediated by the processes of nature, we
 have every reason to expect persistence of the
 created order for our everyday behavior as well as
 scientific investigation. Furthermore, both the in-
telligibility of the created order and humanity's
 shared common capacities for inquiry are under-
written by both the functional integrity of creation
 and our being created as knowers. Some of these
 capacities are basically reliable sense experience
  12 
 We simply note that for a radical skeptic to make their argu-
ments against knowledge already presupposes the common-
sense presuppositions they deny. Similarly, anyone holding to a
 relativistic worldview that rejects the common-sense presup-
positions would have to rely on them to articulate their argu-
ments. These performative contradictions point to deep prob-
lems with radical skepticism and relativism. See Williams,
  Problems of Knowledge. 
 and reason, which, again, reflect the functional
 integrity of creation as well as allow us to come to
 know that functional integrity.
 Thus a comprehensive doctrine of creation as
 part of a Christian worldview has the resources
 needed to justify and motivate the common-sense
 presuppositions. In addition, the doctrine of cre-
ation supplies particular sorts of interpretive help
 for thinking about how those presuppositions
 apply to theological knowledge compared to
 physical knowledge (e.g., theological knowledge is
 often personal knowledge of a being who is three
 persons with one nature).
 Doubtless other worldviews can offer justifi-
cation and motivation for the common-sense pre-
suppositions scientific inquiry needs. What about
 a materialist naturalist worldview such as that
 championed by Peter Atkins and Richard Dawkins?
 Does it have the resources to justify or motivate
 these presuppositions, or even the critical kind of
 intelligence and rationality humans have (see
 below)? We will leave this as an exercise to the
 reader, but simply note that some, such as C.S.
 Lewis, have raised questions about materialist
 naturalism's ability to provide such grounding.
 We should make clear that all these presupposi-
tions are needed for good scientific inquiry. Drop
 one or more of them, and scientific inquiry runs
 into trouble. So any worldview that wants to be in
 the science enterprise needs to be able to provide
 justification and motivation for all the common-
 sense presuppositions. 
 There are two very important implications of
 scientific inquiry's dependence on common-sense
 presuppositions. First, scientific ways of knowing
 represent particular refinements of our ordinary
 ways of knowing. Yet all these ways of knowing
  13 
 See C. S. Lewis,   Mere Christianity
 (New York: Collier Books,
 ); John Haught,   Is Nature Enough? Meaning and Truth in
 the Age of Science   (Cambridge: Cambridge University Press,
 ); and Thomas Nagel,   Mind and Cosmos: Why the Material-
ist Neo-Darwinian Conception of Nature Is Almost Certainly
 False   (Oxford: Oxford University Press, ).
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 share the same foundation in the common-sense
 presuppositions. Science's refinements of our or-
dinary ways of knowing go beyond them in par-
ticular directions to be able to ask and answer par-
ticular kinds of questions (chap. ). If you go back 
 and look at the history of science and how it de-
veloped out of centuries of natural philosophy in-
quiry, that history attests to science's many ties
 with ordinary human ways of knowing.
 This sometimes leads people to mistake all
 ways of knowing as scientific ways of knowing,
 however. Something interesting happened over
 the course of the eighteenth and nineteenth cen-
turies. There were numerous intellectual develop-
ments that successively and artificially narrowed
 the conception of knowledge. The epistemology
 that developed is a very thin material and tech-
nical form of knowledge and way of knowing that
 is not even able to support scientific inquiry
 (though it is often mistaken as a scientific episte-
mology by those under the spell of scientism—
 see § ..).   Yet there are no good reasons for
 that narrowing of ways of knowing to this thin,
 analytical-technical epistemology. There were
 several contingent, sometimes just clearly mis-
taken, responses to various kinds of intellectual
 and social developments in the eighteenth and
 nineteenth centuries leading to this narrow, sci-
entistic way of knowing.
 Hence, in twenty-first-century Western soci-
eties the standard assumption tends to be that
 knowledge is only about material stuff that can
 be empirically or logically demonstrated. In con-
trast, spiritual and intuitive “knowledge” seems
 wishy-washy, a matter of mere feelings and even
 irrational.   The common-sense presuppositions
 required by scientific or any other ways of
  14 
  Turner, 
 Without God, Without Creed; Robert C. Bishop and
 Joshua Carr, “In Bondage to Reason: Evidentialist Atheism and
 Its Assumptions,”   Christian Scholar's Review    (): -.
  15 
 And scientific developments were not even the main factor in
 the contingent choices leading to this inadequate epistemology.
 See Turner,   Without God, Without Creed.
  16 
  Willard, 
  Knowing Christ Today. 
 knowing stand in stark contrast to such an overly
  narrow, unjustifiable epistemology. 
 In light of this, it is sometimes tempting to think
 that the Christian worldview actually supports sci-
entists' presuppositions more than a materialist-
atheist worldview. C.S. Lewis certainly thought so,
 and there is some merit to this line of thinking. Of
 course, an atheist such as Dawkins would disagree,
 but mere disagreement is not enough. The burden
 is on such atheists to think through how a materi-
alist-atheist worldview could justify or motivate the
 common-sense presuppositions. Typically they
 simply take this for granted, but you cannot make
 and defend claims without having some presuppo-
sitions in place somewhere. These assumptions
 need to be put on the table and examined for their
 viability.   So put the assumptions on the table,
 make the argument, and see where it all comes out.
  3.5. SCIENTIFIC INQUIRY 
  AND FAITH 
 A second implication of scientific inquiry's depen-
dence on common-sense presuppositions has to
 do with understanding the status and role of   faith.
 Contemporary Western societies tend to oppose
 faith and knowledge against each other, and have
 since the nineteenth century.   Think about the
 statement, often made in conversation and ar-
gument, “You have to take that on faith.” What do
 people typically mean when they say this? That you
 have to believe something you cannot prove, or
 that you do not have any reasons or evidence sup-
porting your belief. Or perhaps worse, taking
 something on faith means to believe something
 that actually runs counter to the evidence people
 currently claim to have.
 This is the   pejorative notion of faith, a kind of
 baseless leap, if you will. However, the biblical
 view of what it means to have faith or trust is
  17 
 For example, Bishop and Carr, “In Bondage to Reason.”
  18 
  Turner, 
 Without God, Without Creed.
  19 
 See Turner for a concise history of how conceptualizing faith
 decayed to this state.
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 quite different from this. In a trenchant footnote,
  Willard observes that 
 Seduced by a misunderstanding of the Pauline
 and Protestant teaching that faith is some sort of
 miracle because it is a gift of God, writers as
 widely divergent as David Hume and Søren Ki-
erkegaard have wildly misconstrued Christian
 faith to be something opposed to knowledge.
 That faith is a gift does not mean it is not essen-
tially environed in knowledge, much less that it
 is opposed to it. Sloppy thinking on such matters
 undergirds entire cultural agendas and his-
torical epochs. Its effects on our day are nothing
  short of catastrophic. 
 On the biblical view, faith or trust is always
 based on knowledge, built on some kind of reasons.
 Think about the stories of Abraham, Moses, David,
 Elijah, and the apostles. They acted in faith; they
 trusted and accomplished tremendous things.
 Why? Because they   knew   God. They had knowledge
 of God, which provided the reasons for trusting
 God in what they were called to do.   This is one of
 the means by which the Spirit enabled them to ac-
complish their callings (divine action mediated
 through creation). Consider Abram (his name
 before it was changed to Abraham). We read in
 Genesis  that God called Abram to leave his home
 and set out for a land that God would show him.
 What we often fail to realize about this story is that
 Abram already had a relationship with God. Abram
 already knew God and had reasons to trust God
 based on past experience (compare with Ps ). Al-
though he started out not knowing his final desti-
nation, Abram trustingly began the journey based
 on his knowledge of God. This was no leap in the
 absence of knowledge or reasons. Similarly, all the
  20 
  Willard, 
 Knowing Christ Today, n.
  21 
 Compare with Irenaeus in
 Demonstrations of Apostolic Preach-
ing   : “Truth brings about faith, for faith is established on things
 truly real, that we may believe what really is, as it is, and [believ-
ing] what really is, as it is, we may always keep our conviction
 of it firm” (quoted in Peter Bouteneff,   Beginnings: Ancient
 Christian Readings of the Biblical Creation Narratives   [Grand
 Rapids: Baker Academic, ], ).
 great heroes of the faith recounted in Hebrews 
 acted in trust based on their knowledge of God and
 God's promises. That is why they are celebrated in
 the “hall of faith.”   The idea that faith is some kind
 of leap is not warranted biblically; rather, faith is
 better thought of as being responsible to the
 knowledge and understanding you have.
 That the life of faith involves trusting God
 based on reasons provided by your knowing God
 is not unlike your trusting your best friend be-
cause you have reasons to do so. These reasons are
 grounded in knowing your friend. The Christian
 view of faith is completely unlike the pejorative,
 naive cultural idea of faith as reasonless. Christian
 faith is based on knowledge.   More generally,
 thoughtful atheists have recognized that faith is
 anything but blind. For instance, Bruce Sheiman
 writes, “Faith is trustful surrender, which is dif-
ferent from blind submission.”
 It has gone too little noticed that scientists are in
 a parallel situation to that of Christians: they also
 act in faith. As we have seen, the sciences have the
 common-sense presuppositions at their very foun-
dation and cannot function without them.
 Moreover, the sciences cannot provide justification
 for these presuppositions, as scientists' methods are
 already based on these presuppositions. Scientists,
  22 
 Some misread Heb : (“Now faith is the substance of things
 hoped for, the evidence of things not seen,” KJV) as teaching
 that faith is not knowledge and has no basis in reasons. But faith
 is evidence and assurance   only because   it is rooted in the char-
acter, works, and promises of God—in other words, knowledge
 of God. This is one reason why in both the OT and NT God's
 people are encouraged to recount his acts and promises as re-
minders that their faith is rooted in the reality of their knowl-
edge of God and his concrete works. It is because of the assur-
ance derived from such knowledge that we have confidence in
 the fulfillment of God's promises that we have not seen yet.
  23 
 The structure of a leap already betrays this. After all, the leap of
 faith is always taken in a definite direction, indicating that the
 one exercising faith already knows the right direction to leap!
  24 
 Unfortunately, many Christians have absorbed the naive cul-
tural caricature of reasonless faith rather than a biblical under-
 standing of faith. 
  25 
  Bruce Sheiman, 
 An Atheist Defends Religion: Why Humanity Is
 Better Off with Religion Than Without It   (New York: Alpha
  Books, ), . 
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 whether they realize it or not, trust that some other
 domain of knowledge   outside the sciences   has pro-
vided an appropriate justification or motivation for
 this common-sense foundation of scientific in-
quiry. Scientists have a faith commitment—a
 stance of trust—toward these common-sense pre-
suppositions. This is a stock of knowledge scien-
tists count on to be able to do their work.
 Treating faith and knowledge as stark opposites
 is clearly naive. As both the examples of Christi-
anity and the sciences show, faith really does
 depend on knowledge rather than going against
 knowledge. Indeed, faith and knowledge are
 always intertwined. Returning to the definition of
 knowledge in section ., knowledge has some ap-
propriate relationship to thought and experience.
 And all such appropriate relationships to thought
 and experience are based on or mediated by faith
 (e.g., trust in the common-sense presuppositions).
 For instance, if we do not already know that we can
 trust reason and sense experience as basically re-
liable means to knowledge, we cannot have any
 knowledge.   To actually relate something in an
 appropriate way to thought and experience means
 we trust that reason and sense experience are basi-
cally reliable means for attaining knowledge.
 The bottom line for any human way of knowing
 is that it takes knowledge to get knowledge.
 Knowledge is an appropriate ground for trust or
 faith; trust or faith is a form of knowledge on
 which one can build. Human activity cannot
 escape this intertwining of faith and knowledge, let
 alone scientific inquiry. Instead of opposing faith
 to knowledge, it takes faith to get knowledge.
 Indeed, John Haught has compellingly argued,
 based on the philosopher Bernard Lonergan's work,
  26 
 Our trust in these common-sense presuppositions is a form of
 implicit knowledge that we gain very early in life, partly by liv-
ing life based on them and partly as the received fruits of cen-
turies of philosophical and theological reflection on these pre-
suppositions down through the centuries. For some discussion,
 see Willard,   Knowing Christ Today; and Hugh Gauch,   Scientific
 Method in Practice   (Cambridge: Cambridge University Press,
 ), esp. chap. . 
 that there can be no pursuit of knowledge without
 a rock-bottom, fundamental trust in our critical
 intellectual ability to understand and make true
 judgments.   This faith in critical intelligence
 cannot be proven by or grounded in scientific
 methods, because those methods   are already an
 expression   of such critical intelligence. Instead,
 critical intelligence is our default position, and we
 question that position only if we find some contex-
tually relevant reason for doing so.
 A reductionist-materialist might object that in-
telligence is ultimately the product of the same
 basic physical processes that produce everything
 else in the universe. That is, intelligence is re-
ducible to brain functions, which in turn are re-
ducible to the processes chemists and physicists
 study. But this objection will not do, because we
 then would have no grounds for trusting intelli-
gence since it is just the product of physical and
 chemical processes that do not aim at truth, cannot
 understand, and are incapable of making judg-
ments. Such physical processes do not lead to
 reasons, meanings, judgments, and the like, let
 alone language, which is indispensable for rea-
soning and articulating experience. Apart from
 there genuinely being reasons, values, meanings,
 declarations, arguments, and so forth (entities and
 concepts that do not exist in the subatomic,
 chemical, and biological domains), reason does
 not exist. This reductionist-materialist objection is
  self-defeating. 
 Besides, to even make this objection and con-
ceive of such reductionism already presupposes all
 the common-sense presuppositions and is an ex-
pression of the critical intelligence of the objector.
 We still would have no explanation for the
 common-sense presuppositions; the critical, re-
flective intelligence that has revealed these presup-
positions over time; or the basic drive to know that
 animates every knower (including those who put
 their faith in reductionism). Again, thoughtful
  27 
  Haught, 
  Is Nature Enough? 
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 atheists recognize that faith is inescapable for
 human thought and practice. Sheiman writes,
 “Faith is the intuition that one is proceeding in the
 right direction. It is our conviction that the world
 is intelligible on our own terms and that truth is
 worth seeking. Faith is also trust in our own expe-
rience and powers of analysis. Even our capacity
 for reason requires that we have faith in its ability
 to arrive at the truth.”   Augustine's credo “I believe
 in order to understand” is just as true today as it
 has always been for scientific as well as any other
  form of inquiry. 
 ... Similarities between religious and scientific faith.
 This may all sound rather strange given that con-
temporary Western societies seem saturated with
 the idea that there is a huge gulf between what
 passes for knowledge in religion versus science.
 Could our advanced, enlightened thinking and at-
titudes on this score really be so wrong? There is
 much that needs to be said in response to this kind
 of question, and a full response would be book
 length, hence the length of this book! But here are
 a few starting considerations.
 The first thing to say is that contemporary ad-
vanced, enlightened thinking and attitudes toward
 faith and knowledge are not particularly well in-
formed. The history of divorcing belief and
 knowledge from faith beginning in the eighteenth
 century had more to do with successively artifi-
cially narrowed ideas about what knowledge is and
 cultural developments such as mercantilism, capi-
talism, the instrumentalization of all areas of life,
 and religious responses to such developments.
 There are many unexamined assumptions to this
 narrowing that have been handed down over gen-
erations. This false separation between faith and
 knowledge is as much an exercise of bad faith and
 naive understanding of history as anything.
 One way to see that contemporary attitudes op-
posing faith to knowledge are naive is by looking
  28 
  Sheiman, 
 Atheist Defends Religion, .
  29 
  Turner, 
 Without God, Without Creed.
 at how much similarity there is in how faith func-
tions in Christianity and the sciences. In the reli-
gious arena, there are four aspects of faith that are
  often discussed: 
 1. Faith as presupposition: people believe or trust
 particular assumptions even though such as-
sumptions cannot be proven
 2. Faith as intellectual acceptance of reasons sup-
porting a particular idea or belief
 3. Faith as trust in a person's credibility
 4. Faith as commitment leading to some form of
  life change 
 The first aspect of faith is clearly involved in
 the scientist's dependence on the common-sense
 presuppositions. Although it is not possible to
 prove any of these presuppositions using scien-
tific methods, scientists trust these presupposi-
tions when carrying out their work. They trust
 that some justification for these presuppositions
 is available from some other domain than the sci-
ences. They also implicitly trust their critical in-
telligence, though they realize that it is not
 perfect. Scientists do not publish a paper because
 they are certain of the truth of their arguments
 and results. They acknowledge there is a possi-
bility that their arguments contain a flaw, that the
 interpretation of their evidence may be faulty,
 that their results could be mistaken or reflect
 some kind of misunderstanding. They publish
 trusting that they have done good, careful work
 and trusting that their colleagues in the com-
munity will confirm or disconfirm the work. This
 is life in the pursuit of provisional knowledge.
 Moreover, scientists trust that the procedures
 and approach of scientific investigation will lead
 to knowledge. They would not even attempt sci-
entific investigation if they did not have a basic
 faith in scientific inquiry. This basic faith is so
 fundamental that scientists hardly ever realize
  30 
 The assumptions may be supported by good reasons, however.
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 the trust they place in scientific ways of knowing.
 Similarly, their trust in critical intelligence is so
 basic that this faith stance almost always goes
 unnoticed. Like the common-sense presupposi-
tions, scientific methods cannot be used to dem-
onstrate the truth of either critical intelligence or
  scientific methods. 
 Intellectual acceptance of reasons, the second
 aspect of faith, also is clearly on display in the sci-
ences. For example, scientists accept evidence sup-
porting hypotheses and theories as reasons in favor
 of those hypotheses and theories.   Scientists trust
 scientific ideas supported by evidence. No scien-
tists simply make up a hypothesis and then have it
 accepted immediately by their peers. The proposed
 hypothesis has to be tested to see whether it is ra-
tionally consistent with the rest of the theory base
 of that particular scientific domain. Furthermore,
 scientists have to see whether the predictions of
 the proposed hypothesis are confirmed by relevant
 observations and experiments. Intellectual accep-
tance of reasons supporting scientific ideas is
 crucial to the scientific enterprise.
 Along with the basic reliability of reason and
 sense experience, scientists must trust the uni-
formity of nature in this acceptance of evidence.
 Any observations or experiments performed under
 the same circumstances and having the same
 setups should reproduce the same results. If a pro-
posed hypothesis is to be accepted on the basis of
 evidence, different scientists at different times and
 places must be able to reproduce those results
 under relevantly similar conditions. A scientist's
 intellectual acceptance of evidence in turn presup-
poses the common-sense presuppositions.
 Trusting other scientists to report their work
 and results properly and correctly is part and
 parcel of scientific inquiry. This is the third aspect
 of faith. It is impossible for a scientist to reproduce
  31 
 They also accept evidence disconfirming hypotheses and theo-
ries as reasons for reevaluating and revising those hypotheses
  and theories. 
 every theoretical and experimental result reported
 to the scientific community. Hence, scientists trust
 the credibility of other scientists reporting results
 at conferences and in journals. This trust is provi-
sional, of course. If the scientific community finds
 reasons to cast doubt on some reported result, this
 trust in the result may be withdrawn.
 The fourth aspect of faith as commitment
 leading to life change shows up in the sciences in
 all sorts of ways. For instance, physicists' theo-
rizing often is shaped by scientific values such as
 beauty, simplicity, accuracy, consistency, and fruit-
fulness, among others. In many instances such
 values operate implicitly and simply are taken for
 granted. On reflection, however, these values are
 convictions about how the physical world   must be.
 As such these commitments shape the form
 physical theories are   allowed   to take. Change these
 commitments, and the theorizing of physicists
 changes. Moreover, scientists act on their belief in
 the common-sense presuppositions every time
 they are engaged in scientific investigation. Hence,
 faith as commitment does result in discernible be-
havioral effects in scientists.
 Furthermore, scientists trust that having the
 courage of our convictions while maintaining a
 healthy skepticism toward those same convic-
tions makes for the best kinds of scientific inves-
tigation. Such trust appears to have paid off hand-
somely over the centuries, but there are no
 guarantees that this is the best way to go for ob-
taining knowledge of the natural world. We trust
 where we cannot prove and act accordingly. In
 particular, scientists fundamentally trust critical
 intelligence and the drive to know. Such trust
 generates the practices and behaviors of scientific
 investigators. Scientific investigation and conclu-
sions, then, are not merely a matter of observa-
tions and logical inferences.
  32 
 So far as we know, there is no analog in the sciences for saving
 faith, the free gift of God that is central to redemption.
  33 
  Thomas Kuhn, 
 The Structure of Scientific Revolutions, th an-
niversary ed. (Chicago: University of Chicago Press, ).
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 ... Scientism.   The similarities between religious
 and scientific faith are rather striking because of
 how strongly they contrast with the scientism of
 contemporary Western societies. According to sci-
entism, nothing counts as knowledge unless it is
 demonstrated by scientific methods.   However,
 the scientific enterprise cannot be conducted on
 such a narrow basis. The four aspects of faith above
 are crucial to the successful practice of scientific
 inquiry. As such, the practice of successful scien-
tific inquiry does not count under scientism's defi-
nition of knowledge—a   reductio   of a philosophical
 view second to none.
 Scientism faces another problem. The
 common-sense presuppositions are clear coun-
terevidence against the truth of scientism, and to
 attempt to offer serious, reflective philosophical
 argument in support of scientism undercuts its
 very claim to scientific inquiry's omnicompe-
tence. Upon examination, scientism looks more
 like an exercise of bad faith—committing to
 something in the face of strong contrary reasons—
 than an exercise of reason.
 Even to understand something as “data” that is
 “concrete” depends on a wealth of presuppositions
 that cannot be supported or justified in terms of
 “concrete data.” Again we see the inescapable inter-
twining of faith and knowledge. Nobel Prize–
 winning physicist Max Planck puts it this way:
 “Science demands also the believing spirit. Anybody
 who has been seriously engaged in scientific work
 of any kind realizes that over the entrance to the
  34 
 A quick example of scientism is Eric Lawton (@EricLawton),
 “My fave science fact is that science is not just cool facts, its
 [sic] how we know   anything   is a fact,” Twitter, February ,
 , : a.m., https://twitter.com/EricLawton/status 
  /  (emphasis added). That only the sciences 
 can determine facts is a philosophical view.
  35 
 Some scientists and science advocates, such as Atkins, Jerry
 Coyne, and Stephen Pinker, explicitly advocate scientism
 (whether they realize it or not). More often than not, the pas-
sion of scientists may cause them to forget that the sciences are
 not the only way of understanding the world. Nonscientist sci-
ence advocates typically fall into scientism by not adequately
 grasping the powers and limitations of the sciences.
 gates of the temple of science are written the words:
 Ye must have faith. It is a quality which the scientist
 cannot dispense with.”   Or, as philosopher of
 science Philip Kitcher has put it, “Eminent scien-
tists notwithstanding, science is not a body of
 demonstrated truths. Virtually all of science is an
 exercise in believing where we cannot prove,” of
 developing knowledge beyond reasonable doubt
  rather than certainty. 
 Another way to see the inadequacy of scientism
 is through Jesus' profound words “seek and you
 will find” (Mt :). If you were to focus on seeking
 exclusively aesthetic insight into a painting or
 poem, then that is what you would receive. Simi-
larly, if you were to focus on seeking exclusively
 scientific insight into the materials used to make
 the painting or write the poem, then that is what
 you would receive. In each case there is a self-
limitation on the form and extent of insight. It is
 natural for human beings to focus on one thing at
 a time. Scientism's mistake is imagining that there
 is only one focus for insight that counts—scientific.
 But this is more a failure of imagination about the
 sheer richness of reality than anything, and this
 failure of imagination generates an indefensibly
 narrow view of the scientific enterprise as well as
 of life. Those who are wedded to scientism are no
 longer open to seeking beyond the narrow limits
 they have set for themselves.
 One might object that the sciences are very dif-
ferent from Christian faith in that the former dem-
onstrate the truth of their presuppositions in the
 very experience of successful scientific practice.
 Leaving aside how one might define successful sci-
entific practice, this objection can only mean that
  36 
  Max Planck, 
 Where Is Science Going?
 (New York: W. W. Norton,
  ), . 
  37 
  Philip Kitcher, 
 Abusing Science: The Case Against Creationism
 (Cambridge, MA: MIT Press, ), . Compare with Michael
 Polanyi,   Personal Knowledge: Towards a Post-Critical Philosophy,
 nd ed. (Chicago: University of Chicago Press, ), -.
  38 
 For more on scientism, see Ian Hutchinson,   Monopolizing
 Knowledge: A Scientist Refutes Religion-Denying, Reason-
Destroying Scientism   (Belmont, MA: Fias, ).
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 scientists' trust in the common-sense presupposi-
tions is well rewarded in their practices of investi-
gating nature. Again, scientists cannot demon-
strate or prove the truth of the very assumptions
 they have to make to even begin any form of inves-
tigation or demonstration. Rather than being an
 objection that scientific faith is somehow different
 from Christian faith, we have another parallel:
 Christians' trust in God is well rewarded in their
 practices of engaging the Trinity. Scientists' confi-
dence in the common-sense presuppositions—
 more generally, the four forms of faith described
 above—is bound up with their experience of sci-
entific life. Similarly, Christians' confidence in God
 is bound up with their experience of religious life.
 Finally, we remark that the pervasive reliance of
 the sciences on common-sense presuppositions
 that scientists cannot directly demonstrate in no
 way implies that humanity is destined to fall into
 relativism or uncertainty. That dependence on the
 common-sense presuppositions may lead to rela-
tivism and uncertainty is a simplistic philosophical
 worry. Such worries are dispelled by the very
 success of the natural sciences in explaining cre-
ation and the incredible technologies that are so
 intertwined with our lives. Indeed, every time we
 stand on the corner of a street with oncoming ve-
hicles preparing to cross, we put any such relativism
 and uncertainty aside for the confidence that the
 common-sense presuppositions deliver: oncoming
 traffic will harm us if we step in front of it.
  3.6. THE COMMON-SENSE 
  PRESUPPOSITIONS, 
  NATURE, AND THE FALL 
 One lingering question readers might have is,
 What, if any, effect does the fall have on such things
 as the creation and human capacities? Does any-
thing about the fall significantly affect the scientific
 enterprise or human knowing in general? These
 are deep questions that theologians and philoso-
  39 
  Gauch, 
 Scientific Method in Practice, chap. . 
 phers have wrestled with extensively, but the dis-
cussion here will have to be very brief.
 At the outset it should be noted that we do not
 have detailed information about the fall and its ef-
fects on the creation in the Scriptures. Many early
 Christian pastor-theologians, such as Gregory of
 Nyssa and Augustine, speculated about the fall and
 its effects. But they emphasized that these were
 theological speculations, not biblical truths, be-
cause the Scriptures leave a lot unsaid, and filling
 in this open space can be dicey theologically.
 If we start with a comprehensive doctrine of
 creation, we have a framework for thinking
 through how extensive the fall's effects might have
 been. Although some Christians have argued that
 the fall utterly disrupted some kind of original
 perfection of creation, there is no evidence from
 either the Bible or the creation making that a
 foregone conclusion.   For instance, there is no
 compelling evidence that anything changed radi-
cally pre- to postfall regarding nature's processes.
 A comprehensive doctrine of creation suggests
 that creation's functional integrity was up and
 running from the beginning of creation along
 with creation ministering to creation as the Trinity
 worked through its processes (e.g., Gen :-, -
 ). Moreover, the very notion of creation having
 a prefall perfection derives much of its force
 from classical Greek notions of perfection, pri-
marily Plato's.   Perhaps Genesis – can be read
 as consistent with such notions of perfection,
 but the point is that particular extrabiblical
 philosophical assumptions are at work in such
 interpretations. These assumptions largely pass
  40 
 Indeed, the idea that there was an original age of perfection that
 was lost and that the goal is to restore this lost perfection is
 more influenced by Gnosticism than biblical texts. See Hans
 Jonas,   The Gnostic Religion   (Boston: Beacon, ).
  41 
 There is some evidence that the translators who produced the
 Septuagint—the translation into Greek of the OT Scriptures
 that most Christians used for the first several centuries of the
 church—were influenced by Platonism in some of their transla-
tion choices. See William Loader,   The Septuagint, Sexuality, and
 the New Testament: Case Studies on the Impact of the LXX in
 Philo and the New Testament   (Grand Rapids: Eerdmans, ).
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 without notice or examination in much popular
 exegesis on Genesis –.
 To make a long story short, consider a typical
 view found in twentieth-century young-Earth-
creationist literature: the creation is thought to be
 six thousand to ten thousand years old and was
 completed in six twenty-four-hour calendar days.
 Proponents of this view typically associate the fall
 with a complete disruption of creation processes
 such that there are significant differences in cre-
ation's nature pre- versus postfall. However, such a
 view is plausible only under a very minimal con-
ception of the doctrine of creation: roughly, the
 only elements of the doctrine of creation that
 remain are that God created ex nihilo, created in
 six days, and as sovereign over creation can do as
 he pleases. To this must be added some heavy-duty
 philosophical assumptions about perfection, that
 Genesis – was written describing a material-
causal order, and so forth that pick up the slack left
 over by this minimalist doctrine of creation. In
 contrast, a comprehensive doctrine of creation
 makes that kind of proposed disruption look bibli-
cally implausible. In essence, to get that kind of
 serious prefall/postfall disruption, one has to
 supply a number of extrabiblical assumptions
 when interpreting the biblical texts. For instance,
 one cannot read the second law of thermody-
namics   as an implication of the fall out of Genesis
 ; this has to be read into the text.
 Some try to support this kind of radical change
 in the nature of creation by appeal to Romans
 :-: “For the creation was subjected to frus-
  42 
 It is also the case that the description of the sacred space of the
 garden in Gen – likely does not apply to any of the created
 realm outside. See chap. . 
  43 
 This is a basic principle that heat cannot flow spontaneously
 from a cold object to a hotter one. For any perfectly isolated
 system, this means that the amount of energy that is useful for
 doing work tends to decrease or at best stays constant. Some-
times the second law of thermodynamics is linked to the growth
 in disorder in such isolated systems, but order and disorder are
 subtly linked in the development of nonliving and living sys-
tems in the creation.
  44 
 See chaps.  and  for more on interpretive issues. 
 tration, not by its own choice, but by the will of the
 one who subjected it, in hope that the creation
 itself will be liberated from its bondage to decay
 and brought into the freedom and glory of the
 children of God.” The idea is that the frustration
 Paul refers to here is the second law of thermody-
namics, among other physical effects, beginning as
 a result of the fall. But this is a rather questionable
 interpretation. For one thing, it presupposes that
 this text has some kind of scientific implications
 (see § .), but this has to be read into the text.
 Such an interpretation is not an inference from the
 text and its context. Furthermore, nowhere does
 Paul indicate that he is identifying such frustration
 with the fallenness of inanimate creation. As noted,
 such an interpretation requires that physics, chem-
istry, biology, and geology are radically different
 pre- versus postfall. There is no warrant for this
 kind of implication in either the biblical texts or a
 comprehensive doctrine of creation. Again, a sub-
stantial set of philosophical and scientific assump-
tions has to be added for such an interpretation to
  appear plausible. 
 In the context of Romans , Paul's point is not
 physics but the Spirit's work in redeeming all of cre-
ation. Indeed, the Greek word   mataiotes, usually
 translated “frustration,” has the sense of failing to
 achieve a goal or telos. Biblically, this telos is con-
summation in the new creation in the Son through
 the Spirit to the praise of the Father. The creation
 was made incomplete to begin with, rather than
 perfect.   Just as the redemption of humanity is
 linked with the redemption of creation, the frus-
tration of creation is linked with our sin. For in-
stance, the emergence of epidemic and pandemic
 diseases is facilitated by uncontrolled urbanization,
 poverty, and climate change, factors that are directly
 related to human fallenness. Paul is echoing Deuter-
onomy's linking of human sin with the suffering
  45 
 See chap.  along with Colin Gunton, The Triune Creator: A
 Historical and Systematic Study   (Grand Rapids: Eerdmans,
 ); and Haught,   Is Nature Enough?
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 and frustration of creation. Deuteronomy also
 forms the grounds on which Israel's prophets
 preached against sin and its devastating conse-
quences for the land (e.g., see Hos :-, where the
 prophet explicitly links Israel's sin with the drying
 up and wasting away of the land, which in turn has
 ill consequences for fish and animal life). This OT
 background linking sin and creation's well-being
 was not lost on Paul. However, it is lost on those
 modern expositors who interpret Romans :- as
 teaching or implying scientific facts about creation.
 Moreover, life as we understand it does not
 work at all in the absence of the second law. Gal-
axies do not form, nor do stars or planets, let alone
 life; stars, planets, and organisms cannot function
 in its absence. In short, nothing in creation func-
tions unless the second law of thermodynamics is
 up and running from the beginning. This is one
 way to see that tying the origin of the second law
 to the fall commits one to a complete rupture be-
tween prefall and postfall natures for creation.
 There obviously is something that happened to
 humanity in the fall, and certainly there are ways
 in which creation is adversely affected by human
 sinfulness. For instance, instead of stewarding
 creation as God's project being transformed into
 new creation and participating in that project, we
 tend to abuse creation, treating it as raw mate-
rials for our own needs and desires. This would
 definitely count as “frustration,” in contrast to
 God's purposes for creation's becoming what it is
 called to be in Christ and our participation in that
 project (chap. ). Our environmental crises are 
 clear evidence of how our fallen nature has ad-
 versely affected creation. 
 The question of whether death and disease are
 consequences of the fall comes quickly on the
 heels of the disruption question. If there is no sig-
nificant prefall/postfall rupture, then it is hard to
 escape the conclusion that death and disease are
 part of the normal functioning of the creation in
 Genesis , which, according to the doctrine of cre-
ation was incomplete, not yet the new creation it
 is intended to be. Of course, many Christians be-
lieve that the Bible teaches there was no biological
 death or disease in the prefall creation because
 prefall everything was “perfect.” Here Greek philo-
sophical notions of perfection are strongly at work.
 The first two chapters of Genesis, among other
 biblical texts, can be read as consistent with such
 initial perfection in creation (if we ignore the ne-
cessity of eating, which induced death, Adam's
 loneliness, etc.), which was lost through catas-
trophe. Indeed, it also is possible to interpret
 Romans :- and  Corinthians :- as im-
plying that there was no biological death in cre-
ation prior to the fall, though strictly speaking
 these texts only address humanity.
 Nevertheless, the early chapters of Genesis and
 these NT texts are at least as consistent with the
 view that God's initial creation was neither perfect
 nor complete; rather, it was the   appropriate or best
 starting point   from which creation could become
 the new creation it is called to be in the Son as
 enabled by the Spirit.   A number of early
 Christian pastor-theologians, such as Irenaeus,
 held this latter view and argued that the idea of
 initial perfection had more to do with Greek phi-
losophy than biblical texts. From the beginning,
 creation has always been a project, wherein Father,
 Son, and Spirit have always been at work, leading
 to its consummation in the Son as new creation.
 The fall represents a straying from creation's path
 of calling; redemption and restoration in Christ
 through the Spirit is a return of all created things
 to their calling and purpose for consummation in
 the new creation in the Son through the Spirit.
 Moreover, as we saw in chapter two, the Hebrew 
 word   tov   (translated as “good” in Gen –) has the
  46 
 It is instructive that nowhere in his writings does Paul posit or
 presuppose some form of perfect prefallen state.
  47 
 Unlike the rest of creation, human beings reject this calling and
 purpose (this rejection is sin) unless God acts graciously in our
 lives. One reason creation is “groaning” is human rejection of
  our calling. 
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 sense of functioning properly (“perfect” is not in
 its range of meanings). Genesis –;  Corinthians
 ; and Romans  are at least equally consistent
 with the idea that   spiritual death—eternal sepa-
ration from God—is what is in view rather than
 biological death.   For instance, when Paul writes
 that the result of Jesus' crucifixion and resur-
rection is life (Rom :), it is very reasonable to
 read him as intending spiritual life in relationship
 with the Father or participation in the life of God
 through the Son by the Spirit rather than bio-
logical life. Biological death has persisted among
 believers in the time since Jesus' resurrection,
 and among animal life long before humanity ap-
peared on the Earth.   Furthermore, spiritual
 death is possible only for the   imago Dei   and would
 have been a new phenomenon that entered the
  world through sin. 
 Here are four biblical reasons to think that spir-
itual death might be in view in these texts (compare
  with § .): 
 1. If Adam, Eve, or any animals ate anything—
 even plants—or inhaled or stepped on an
 insect or had one gnat fly into their eye prefall,
 then biological death occurred before the fall.
 All the biblical texts leave the length of time of
 the prefall state open. But if Adam really did
 have all of the animals paraded before him to
 name them, then the prefall state was a rather
 lengthy period of time that would have re-
quired lots of eating for life to be sustained
 because to name something in ANE cultures
 was to know something, and that knowledge
 required time to be gathered.
  48 
 Compare with Rom :- and Gal :-, where Paul discusses
 his own death because of the law.
  49 
 Note that an original created innocence does not imply that
 there was no violence or other behaviors we might classify as
 sin. Actions are not counted as sin where there is no law (Rom
  :-). 
  50 
 A minimal level of self-consciousness is required to have a con-
ception of sin; hence, animals behaving without sufficient self-
conscious awareness do not sin. More important, the Bible no-
where characterizes animal behavior as sinful.
 2. Regarding human beings specifically, other
 ANE cultures had a life-giving plant analogous
 to the tree of life. The tree of life's fruit needed
 to be consumed either once or on a regular
 basis to counteract the effects of biological
 death. If Adam and Eve were originally created
 unable to die, then the tree of life was a super-
fluous addition to the garden.
 3. The Father is praised for feeding animals, such
 as the birds of the air, which include predators
 (Mt 6:26; Lk 12:24), and lions (Ps 104:21). In
 particular, the psalmist in Psalm 104 counts
 the feeding of animals, the taking away of their
 breath and their renewal (Ps 104:27-30)—
 cycles of birth, life, death—as among the
 works for which God should be praised. These
 and other biblical texts, such as Job 38–40, in-
dicate that biological death is part of the cre-
ation that Genesis pronounces “very good” in
 Genesis 1.   The gift of the tree of life would
 have provided a means for humanity to avoid
 biological death and continue in communion
  with God. 
 4. Adam and Eve are told that the day they eat
 fruit from the tree of good and evil they will
 die. However, when they do eat the forbidden
 fruit, they do not keel over and die on the spot.
 Some early Christian thinkers interpreted this
 state of affairs to mean that God was warning
 Adam and Eve that if they ate the forbidden
 fruit they would then become   destined   to die.
 Others thought that Adam and Eve initially
  51 
 Biologically, death would have been unavoidable from the be-
ginning unless there were a completely different physics, chem-
istry, and biology in the prefall creation. For instance, cell
 death—apoptosis—is a regularly occurring biological function
 and is necessary to all forms of biological life on Earth. Interest-
ingly, in embryological development, all vertebrates go through
 a stage where they develop limbs with wrists and webbed fin-
gers. In most species, apoptosis is responsible for the disappear-
ance of this webbing (bats would be an exception). This is a
 striking example of how creation ministers to creation (§   ..)
 in the developmental process, but it does involve biological
 death in the womb.
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 existed in a state of original righteousness and
 moral innocence. When they disobeyed and ate
 the forbidden fruit, their moral innocence and
 righteousness were lost (e.g., they then recog-
nized good and evil, they then realized they
 were naked, they then felt shame). Because of
 their disobedience, Adam and Eve become
 separated from God—spiritually dead. Most of
 the early Christian commentators viewed God's
 preventing humanity from further enjoying the
 benefits of the tree of life as an act of mercy:
 God mercifully prevented humans from living
 forever within the grip of sin. The upshot is that
 biological death now was inevitable because
 there was nothing to counteract the natural
 course of biological processes.
 These are neither new nor rare thoughts on bib-
lical implications for prefall biological death, nor
 are they motivated by needing to accommodate
 biblical interpretation to evolution. For example,
  Thomas Aquinas wrote, 
 In the opinion of some, those animals which now
 are fierce and kill others, would, in that [pre-fall]
 state, have been tame, not only in regard to man,
 but also in regard to other animals. But this is
 quite unreasonable. For the nature of animals was
 not changed by man's sin, as if those whose nature
 now it is to devour the flesh of others, would then
 have lived on herbs, as the lion and falcon. Nor
 does Bede's gloss on Genesis :, say that trees
 and herbs were given as food to all animals and
 birds, but to some [implying the other creatures
  52 
 There is nothing in Gen – that implies humans were initially
 created immortal (that humans were originally created immor-
tal is an inference based on Greek notions of perfection). Many
 early Christian pastor-theologians believed that Adam and Eve
 were originally created neither mortal nor immortal, with the
 possibility of moving toward either state, the former leading to
 death (Bouteneff,   Beginnings). On this view Adam and Eve's
 rebellion led to their becoming mortal, which would have ush-
ered biological death into the world for humans. Nor do the
 early Genesis texts imply that humans were created for death.
 Instead, “they show that humanity was created   for life   and
 therefore   for immortality” (Bouteneff, ). This life and immor-
tality comes to full flower in the new creation. Hence, in the
 current creation death feels alien to us.
 would have fed on other animals for their suste-
nance]. Thus there would have been a natural
 antipathy between some animals. They would not,
 however, on this account have been excepted
 from the mastership of man: as neither at present
 are they for that reason excepted from the mas-
tership of God, Whose Providence has ordained
 all this. Of this Providence man would have been
 the executor, as appears even now in regard to
 domestic animals, since fowls are given by men as
 food to the trained falcon.
 Aquinas believed that each species has an es-
sential, unchangeable nature—change the nature,
 change the species—so there would not be any
 change in carnivore behavior pre- versus postfall.
 Nor are there any biblical texts indicating such a
 change in nature (that would have involved sudden
 significant biological and physiological changes).
 The doctrine of creation (chap. ) emphasizes con- 
tinuity rather than change in creation's functional
 integrity. Indeed, the only creature that appears to
 be transformed in any sudden way is the serpent of
 Genesis , but this transformation does not involve
 change from herbivory to carnivory.   Some might
 argue that Genesis : indicates that there was no
 carnivory prefall, but this text does not rule out
 carnivorous behavior among animals. Genesis 
 draws a distinction between domesticated and un-
domesticated animals, with Genesis : distin-
guishing between livestock, crawling things, and
 wild beasts. Furthermore, when God calls the sea
 and soil to bring forth living creatures (Gen :-
 ), there are no dietary restrictions mentioned. To
 say that Genesis :   restricts   the diets of all crea-
tures to herbivory goes beyond what Genesis 
  53 
 St. Thomas Aquinas,   Summa Theologiae
 , trans. Fathers of the
 English Dominican Province (New York: Burns Oates & Wash-
bourne and Benzinger Brothers, ), I, q. , a. , ad. .
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 Genesis : indicates that the curse was selectively applied to
 the serpent and not to other creatures: “And the Lord God said
 to the serpent, ‘Because you have done this, cursed be you of all
 cattle and all beasts of the field,'” translated in Robert Alter,   The
 Five Books of Moses: A Translation with Commentary   (New
 York: W. W. Norton, ), .
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 claims. Moreover, we do not have any fossil evi-
dence suggesting that the Earth was populated by
 vegetarian animals followed by a sudden ap-
pearance of carnivores, as might be expected if
 Genesis : implied that there was no carnivorous
 predation until the period of Genesis .   On the
 other hand, God's great creation discourse in Job
 describes predatory behavior by animals as if it has
 always been part of the normal workings of God's
 creation and that God is involved in this (e.g., Job
  :-; :-). 
 This is a very large and important topic, but
 what we want to point out here is that there is at
 least as good a case to be made that creation's pro-
cesses, including death and disease, were the same
 pre- as postfall even if we experience them differ-
ently postfall. What is the relationship between
 death and the fall, then? One possibility is that “In
 the conditions of fallenness, death is no longer part
 of the good order of things, but meets us as
 judgment, destruction and defeat. It has been con-
quered by the saving resurrection of Jesus, but also
 has continually to be overcome in fact and promise
 by the action of the creator Spirit.”   This is why,
 after the fall, death seems unnatural and out of
 place, as something that is not right with the world.
 For humans prefall, death was counteracted by the
 fruit of the tree of life. Moreover, death has no
 place in the new creation (Rom :;  Cor :;
  55 
 The teeth and jaws of carnivores differ significantly from
 herbivores. (Aquinas was aware of this fact.)
  56 
 Some Christians teach that the human fall radically trans-
formed all of creation such that the law of entropy increase,
 biological death, and carnivory were ushered into a previously
 perfect, complete creation (e.g., see Henry M. Morris,   The Gen-
esis Record: A Scientific and Devotional Commentary on the
 Book of Beginnings   [Grand Rapids: Baker Books, ]). Such
 teaching fills in an enormous number of “blanks” in the biblical
 texts, making Scripture say more than the texts actually claim.
 In addition, such teaching tends to assume that the special na-
ture of the sacred space of the garden was the same for the rest
 of the disordered, untamed world outside. Such an assumption
 is not warranted by the biblical texts (see chap. ). 
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  Colin Gunton, 
 The Actuality of Atonement: A Study of Metaphor,
 Rationality and the Christian Tradition   (London: Continuum,
  ), -. 
  Cor :;  Tim :; Rev :). If we recognize from
 the doctrine of creation that the creation described
 in Genesis  is an unfinished creation—incomplete,
 not fully ordered, and moving toward its com-
pletion in the Son through the Spirit—and that
 humans were made for their ultimate home in the
 new creation, then the strong mismatch between
 the always-developing creation and its consum-
mation in new creation makes poignant our feeling
 that death and disease are enemies to be overcome.
 How the fall and sin have affected human
 beings is also a very large and important question.
 Over the centuries Christians have debated how far
 ranging the effects of sin are for human capacities
 such as reason and sense experience. Here, again,
 we can make only rather brief remarks. It is mani-
festly clear that reason and sense experience have
 functioned reasonably reliably regarding studying
 creation. The advances in scientific knowledge and
 technology over the last few centuries bear ample
 testimony to that. This is consistent with God's
 common grace, making knowledge of nature
 widely available just as the Father makes the Sun
 to shine and the rain to fall on the just and the
 unjust (Mt :). Furthermore, the doctrine of
 total depravity does not mean that we are as bad
 and warped as humans can be. Rather, it means
 that sin somehow touches all aspects of human life.
 Nevertheless, part of God's common grace is that
 sin's effects wipe out neither the basic reliability of
 reason and sense experience nor the basic intelli-
gibility of this wonderful creation.
 None of this means that humans always use
 reason and sense experience wisely, in service to
 each other and the rest of creation, or to worship
 God. For example, we certainly struggle with
 knowledge of God and responding appropriately to
 that knowledge. We use the sciences and tech-
nology for ill as well as for good, and we often use
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  Haught, 
 Is Nature Enough?, esp. chap. . 
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 If sin had wiped these out, God could not hold us accountable
 for sin, because these capacities are integral to the identification
 and awareness of sin.
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 our knowledge of creation to exploit rather than
 care for it. Sorting through the effects of fallen
 nature on humans is complex, but the fallen
 human condition has undercut neither the
 common-sense presuppositions we depend on
 daily nor the exercise of our capacities to learn
  about creation. 
  3.7. MIRACLES AND THE 
  UNIFORMITY OF NATURE 
 Finally, it probably has occurred to you that there
 may be some tension between the basic presup-
position of the uniformity of nature and miracles.
 We need to say a few words about that. On the over-
simplified view that miracles are violations or sus-
pensions of the laws of nature, it would seem that
 the uniformity of nature can be violated (see § .).
 As we have seen in the doctrine of creation, the
 uniformity of nature is related to the functional
 integrity God has given to creation—an expression
 of its contingent rationality—and the ministerial
 nature of divine action consistently mediated
 through creation. Thus the uniformity of nature
 represents the Trinity's normal ways of relating to
 and acting through creation.   This uniformity
 provides the normal background, allowing us to
 pick something out as a possible miracle. For ex-
ample, axe heads floating on water and resurrec-
tions are not part of the normal created order.
 These kinds of miracles—going beyond creation's
 contingent rationality as opposed to enhance-
ments of it (§ .)—clearly are not part of this
 uniform order. God's agency in the world some-
times goes above and beyond or is different from
 the ordinary ways of acting in the world.
 Theologically, those miracles that go beyond the
 consistent patterns of the normal order of creation
 depend on the fact that God normally acts uni-
formly in nature as in the doctrine of creation.
 Similarly, as we have seen, the sciences likewise
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 Here again the incarnate life of Jesus can provide insight into
 this normal, ongoing divine activity (see   §   ..).
 depend on the kind of normal divine activity in the
 doctrine of creation. Moreover, as the doctrine of
 creation implies, this normal order and its patterns
 are genuine and persistent, being sustained by the
 Son and enabled by the Spirit. This allows scien-
tists to study the normal order of things.
 So then, what is the tension between miracles
 and the uniformity of nature supposed to be? It
 cannot be that creation's contingent rationality
 somehow is not genuine because only miracles
 count. There is no theological warrant for that,
 given the doctrine of creation. And it cannot be
 that the existence of some miracles going beyond
 the normal order undercuts the motivations for
 scientific inquiry, because the doctrine of cre-
ation provides several such motivations (even
 though miracles such as resurrections are not
 part of God's normal activity mediated through
 creation). Nor can it be that the existence of such
 miracles is inconsistent with the existence of a
 creation that functions with uniformity. The bib-
lical record pictures for us a world where both the
 uniformity of nature and miracles outside that
 uniformity are part of the history of the Trinity's
  dealings with people. 
 We suspect that the “tension” between miracles
 and the uniformity of nature comes from a materi-
alist naturalism expressed through the false either-
or dilemma discussed in chapter two. Here there 
 really is a tension—an outright conflict—between a
 world where God is active versus one where God is
 absent or nonexistent. But this conflict is not one
 that is the result of studied reflection on scientific
 results. Instead it is a function of a materialist-natu-
ralistic worldview that already presupposes the im-
possibility of miracles because there is no God or
 spiritual realm, hence the “tension.”
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 For a related point—that the tension that arises under a false
 conception of supposed violations of laws of nature actually
 reflects a commitment to there being no other effective causes
 in nature other than the most basic causes of physics—see Jef-
frey Koperski,   The Physics of Theism: God, Physics, and the Phi-
losophy of Science   (Chichester, UK: John Wiley & Sons, ),
  chap. . 
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 This actually illustrates a theme that will recur
 often in this book: it is not the theories and ex-
perimental results of the sciences that lead to a
 materialist view or the ruling out of miracles or
 God. Rather, it is a materialist naturalism   strapped
 onto   the sciences that produces materialist or
 atheist conclusions espoused by Atkins, Coyne,
 Dawkins, and others. As will become clearer in
 the next chapter, distinguishing scientific forms of
 appropriate relationships to thought and expe-
rience from metaphysical and theological views is
  extremely important. 
[image: ]
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  CREATION THROUGH THE LENSES 
  OF SCIENCE AND THEOLOGY 
  THIS CHAPTER COVERS: 
  The two-books metaphor 
 The concept of revelation: general, special,
  and creation 
 Reading the book of nature
 Reading the book of Scripture
  Concordism and nonconcordism 
 Bible-first and science-first approaches to God's
  two books 
 Models for relating God's two books
 Contextual, logical negations and the limits of
  scientific inquiry 
 The doctrine of creation and the intertwining rela-
tionship between knowledge and faith form the
 background for our understanding scientific the-
ories of origins. As finite human beings, we will
 never achieve comprehensive understanding of
 creation. Moreover, we need both scientific and
 theological inquiry to get a fuller understanding of
 creation than we could ever hope to achieve
 through either form of inquiry alone. We will
 begin with an exploration of the nature of scientific
 and theological inquiry as distinctive forms of rev-
elation. Next, we will discuss different ways the
 two forms of inquiry can relate to each other. Fi-
nally, we will end with an important reason scien-
tific inquiry functions in the limited way it does.
  4.1. THE TWO-BOOKS METAPHOR 
 We start with a very old but useful idea: the two-
books metaphor. The idea that God is the author or
 source for two books, nature and the Bible, goes
 back at least to the time of Origen. Augustine and
 Galileo, among others, used this metaphor down
 the centuries to characterize our knowledge of the
  Bible and creation. 
 The two-books metaphor draws on the concept
 of   revelation. At its broadest, revelation means
 knowledge received as a gift that stands in need of
 being understood.   The ultimate giver of this gift is
 the triune God. Nevertheless, the gift or revelation
 can be mediated through nature, a human being, or
 other means (e.g., documentaries, lectures, or ex-
periments). We moderns sometimes choke on the
 very idea of revelation because of the perception
 that it could undercut human capacities for discov-
ering knowledge. But at its most basic, revelation as
 gift involves the ideas of discovery and being taught,
 something all of us have experienced throughout
 our lives. This is what the two-books metaphor is
 all about. To see how scientific inquiry is a form of
 revelation, we need to delve deeper.
 Scientists, for example, are taught about nature
 by studying—listening to or learning from—the
 creation. This is revelation in action in the physical
 domain. As we saw in chapter three, scientific 
 knowledge is provisional. We may have to rein-
terpret or otherwise revise what we currently un-
derstand when we learn something new about
 nature. In essence, scientific inquiry mediates pro-
visional knowledge about the creation to us and is
 the means for how we discover and modify that
 1
  Colin Gunton, 
 A Brief Theology of Revelation   (London: T&T
  Clark, ). 
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 knowledge. This is just to say that scientific inquiry
 reveals   knowledge as scientists study nature. They
 do not have unmediated access to knowledge of
 nature. The knowledge scientific inquiry produces
 involves the mediation of the instruments scien-
tists use as well as the theoretical constructs they
 deploy. Furthermore, the background knowledge
 and presuppositions scientists carry with them
 play important roles in the discovery of knowl-
edge.   Data, facts, and truths are mediated by the
 experimental and theoretical practices of the
 various scientific communities seeking to under-
stand the different domains of nature. Nature re-
veals itself in these domains to scientists as they go
 about their normal work.
 The central idea, then, is that all knowledge is
 revealed, whether disclosed through controlled
 observation, reading, discussion, or any other
 means. How is this related to traditional theo-
logical categories of revelation or knowledge of
 God? Typically, theologians distinguish two cate-
gories: general revelation (also called natural rev-
elation) and special revelation (also called specific
 revelation). General revelation is that knowledge
 of God disclosed through nature. This is very
 general knowledge about God's power, deity, and
 so forth. Special revelation is specific, highly de-
tailed knowledge about God, redemption, and
 Jesus, the Messiah, in particular.
 There is a third, less-discussed subcategory of
 general revelation called   creation revelation. This
 2
  Ian Hacking, 
 Representing and Intervening   (Cambridge: Cam-
bridge University Press, ); Thomas Kuhn,   The Structure of
 Scientific Revolutions, th anniversary ed. (Chicago: University
 of Chicago Press, ); Hugh Gauch,   Scientific Method in Prac-
tice   (Cambridge: Cambridge University Press, ); Alfred I.
 Tauber,   Science and the Quest for Meaning   (Waco, TX: Baylor
  University Press, ). 
 3
 The idea that the experimental and theoretical practices of sci-
entists, along with their background knowledge and assump-
tions, mediate or are means for revealing knowledge about na-
ture is not new. This was actually part of the revolution in
 scientific thinking in the seventeenth century. See Robert C.
 Bishop, “God and Methodological Naturalism in the Scientific
 Revolution and Beyond,”   Perspectives on Science and Christian
 Faith    (March ): -.
 is specific, detailed knowledge about the creation
 revealed through nature.   Theologians are pri-
marily interested in knowledge of God, so it is not
 too surprising that they rarely discuss creation
 revelation. Nevertheless, natural philosophers,
 such as Galileo, Robert Boyle, and Isaac Newton
 (–), generally have been very interested
 in creation revelation.   For instance, Galileo de-
scribed his studies of motion as having “been   led
 by the hand   to the investigation of naturally ac-
celerated motion   by consideration of custom and
 procedure of nature herself in all her other works,
 in the performance of which she habitually em-
ploys the first, simplest, and easiest means.”   Or as
 Johannes Kepler describes in a letter to J.G.
 Herwart von Hohenburg, March , : “As we
 astronomers are priests of the highest God in
 regard to the book of nature, we are bound to
 think of the praise of God and not of the glory of
  our own capacities....  Those laws are within the 
 grasp of the human mind; God wanted us to rec-
ognize them by creating us after his own image so
 that we could share in his own thoughts.”
 A comprehensive doctrine of creation (chap. ) 
 helps us see that creation revelation ought to be
 central to a theology of science. Since so much of
 the Trinity's activity in creation is ministerial—
 mediated through creation's processes (§ ..)—
 and God has given creation functional integrity
 (§ ..), there is much we can learn about how
 God's creation actually works by studying it. First
 Kings :- speaks of the wisdom God gave
 4
 For example, see Herman Bavinck,   Reformed Dogmatics, vol. ,
 Prolegomena, ed. John Bolt, trans. John Vriend (Grand Rapids:
 Baker Academic, ), -; Michael Goheen, “Scriptural
 Revelation, Creational Revelation and Natural Science: The
 Issue,” in   Facets of Faith and Science, vol. ,   Interpreting God's
 Action in the World, ed. Jitse M. Van der Meer (Lanham, MD:
 University Press of America, ), -.
 5
  Bishop, 
 “God and Methodological Naturalism.”
 6
  Galileo Galilei, 
 Two New Sciences, Including Centers of Gravity
 and Force of Percussion, ed. and trans. Stillman Drake (Madison:
 University of Wisconsin Press, ), , emphasis added.
 7
  Carola Baumgardt, 
 Johannes Kepler: Life and Letters   (New York:
 Philosophical Library, ), , .
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 Solomon, learning about the appropriate naming
 of fish and other animals through the study of
 those animals. How did this learning come about?
 Isaiah :- gives us a clue:
 Listen and hear my voice;
 pay attention and hear what I say.
 When a farmer plows for planting, does he plow
  continually? 
 Does he keep on breaking up and working
  the soil? 
 When he has leveled the surface,
 does he not sow caraway and scatter cumin?
 Does he not plant wheat in its place,
 barley in its plot,
 and spelt in its field?
 His God instructs him
 and teaches him the right way.
 Caraway is not threshed with a sledge,
 nor is the wheel of a cart rolled over cumin;
 caraway is beaten out with a rod,
 and cumin with a stick.
 Grain must be ground to make bread;
 so one does not go on threshing it forever.
 The wheels of a threshing cart may be rolled
  over it, 
 but one does not use horses to grind grain.
 All this also comes from the Lord   Almighty,
 whose plan is wonderful,
 whose wisdom is magnificent.
 Farmers learn about farming not because of
 some sort of special revelation but by God teaching
 them through their working the soil and observing
 what happens (not unlike lions seeking their food
 from God by hunting for it). In the process of
 working the soil, creation reveals to farmers ways to
 improve and produce good crops, the importance of
 rain, and more. Or think of Adam's naming the an-
imals in Genesis . In the ANE, to name something
 was to know that thing. Adam would have had to
 study the animals to name them appropriately.
 God reveals things about nature through
 nature as we engage it. Consider all the knowledge
 of nature on display in Psalm . The psalmist
 praises God for works ranging from grass
 growing, to sustaining streams flowing, to homes
 for animals, to the cycles of day/night and the
 seasons. This psalm is filled with knowledge
 learned by observing and experiencing the cre-
ation (compare with Job :-). Whether they
 realize it or not, creation revelation is the
 knowledge discovered by scientists.
 This is the theological basis behind the two-
books metaphor, wherein God gives knowledge
 through creation and Scripture. Furthermore, such
 knowledge is mediated through forms of interpre-
tation or exegesis appropriate for each book.
 Some may still have a lingering worry, though.
 The knowledge revealed by scientific study of
 nature is mediated through our relationship with
 the creation and the means for exploring it.
 Moreover, humans come to understand the
 natural world through our being part of it.   To
 some, revelation through the natural world
 seems significantly different from special reve-
lation, mediated through trinitarian action,
 Scripture, community, and tradition. In modern
 Western societies, this worry usually takes the
 form of the problem of authority. The authority
 of the Scriptures often is conceived to be in stark
 contrast with scientific exploration of nature.
 The former somehow bypasses our human fac-
ulties, whereas the latter crucially depends on
 them. Special revelation is often thought of as
 something that is given and must be accepted “by
 faith”—somehow completely apart from reason
 and experience—whereas scientific knowledge is
 8
 Natural philosophers such as Albertus Magnus, Aquinas's
 teacher, clearly did recognize the link between creation revela-
tion and knowledge of nature, a link that continued to be ac-
knowledged in the seventeenth century and throughout the
 scientific revolution. But since at least the second half of the
 nineteenth century, scientists have largely forgotten this connec-
tion. See Bishop, “God and Methodological Naturalism.”
 9
  Michael Polanyi, 
 Personal Knowledge: Towards a Post-Critical
 Philosophy, nd ed. (Chicago: University of Chicago Press, );
 Charles Taylor,   Sources of the Self: The Making of the Modern
 Identity   (Cambridge, MA: Harvard University Press, ).
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 accepted only after the stringent application of
  reason and experience. 
 There are several things to say about this unde-
niable worry that forms the modern objection to
 the concept of revelation. The first is an important
 clarification. We should not make the mistake of
 confusing authority with overconfidence in an in-
terpretation of revelation. Sometimes Christians
 have been overconfident in their interpretations of
 special revelation such that it is their interpreta-
tions that seem to have the actual authority. The
 Bible is authoritative; Christian interpretations of
 the Bible are not (chap. ). Similarly, the creation is 
 authoritative; scientific interpretations of creation
 are not. Ultimately the authority of both the Bible
 and nature is found in the triune God.
 Second, of course all scientific knowledge is re-
vealed knowledge mediated through various
 means (§ ..). Nonetheless, it is too little noticed
 that there is a significant parallel here between
 special and creation revelation. The knowledge
 gained through special revelation also is mediated
 through practices such as worship, prayer and in-
terpretation, through attempting to live in light of
 that revelation, through Christian communities
 coming to an understanding of the Bible, through
 the formation and interpretation of creeds, and the
 like. In other words, we should not make the
 mistake of thinking that somehow special reve-
lation is unmediated knowledge, while creation
 revelation is mediated knowledge. Reason and ex-
perience are deeply involved in the knowledge
 gained through special revelation.
 Third, creation revelation also relies on a form of
 provisional authority, in this case the authority
 given to nature, scientists, and scientific societies.
 For example, to even learn how to become a scientist,
 a student must apprentice as a graduate student
 (and typically also as a postdoctoral researcher)
  10 
 Recall the discussion of the false separation between faith and
 knowledge in   §   .. Also compare with   §   .., where the idea of
 the authority of Scripture as a principle of interpretation—
 interpretation being an exercise of reason—is discussed.
 under a scientist and with a research team that the
 student trusts—the student places authority in this
 scientist and team for personal development as a
 scientist. Otherwise the student will not become a
 competent scientist. Moreover, a scientist has to give
 some kind of provisional authority to other scien-
tists to be able to take their research reports seri-
ously. Reasons may surface later to withdraw this
 grant of authority (hence its provisional nature).
 Crucially, the kinds of data scientists collect cannot
 have any evidentiary status in the absence of some
 provisional authority accorded to nature. One of the
 lessons learned in the fifteenth through seventeenth
 centuries is that we have to allow nature to speak
 to—to teach—us in ways that are appropriate to it.
 Only then can natural science inquiry truly function
 (recall the definition of knowledge in § .). In these
 ways, scientists—and even nature—form a com-
munity of accountability that embodies provisional
 authority. The role of provisional authority in scien-
tific knowledge is often unappreciated but parallels
 the role of provisional authority in the case of our
 handling of special revelation.
 Two important warnings need to be stressed
 here. Since placing oneself under some provisional
 authority is unavoidable, you must choose author-
ities wisely. Nevertheless, coming under some pro-
visional authority does not absolve you from the
 responsibility to learn.   Moreover, granting pro-
visional authority in no way implies that questions
 are to be stifled. The sciences, theology, or any
 other fields of study are at their best when they ask
 and pursue deep questions.   Questioning is always
 consistent with provisional authority.
 A fourth point in addressing the worry about
 revelation is that a general theology of revelation
 necessarily draws on several Christian doctrines.
 For instance, the doctrine of creation implies that
 nature is intelligible. To the degree that it is
  11 
 Hence, the Enlightenment is not actually a repudiation of all
 authority and tradition but the adoption of alternatives to the
 hitherto prevailing authorities and traditions.
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 intelligible, it is   revelational; hence, we can expect
 scientific investigation to yield knowledge of
 nature. As we saw in chapter three  and will explore 
 more fully, the kinds of intellectual capacities
 humans have along with our particular em-
bodiment are means through which knowledge of
 the contingent rationality of the creation is gained.
 It is a central feature of creation revelation that
 knowledge of nature comes through engagement
 with it. Scientists engage the world to learn about
 it, but this also has resonances with engaging bib-
lical texts to learn about them (see below).
 Additionally, we need a pneumatology—a the-
ology or doctrine of the Spirit—to understand all
 forms of revelation. After all, it is the Spirit who en-
ergizes and enables human beings to be in the world
 as well as to exercise our capacities to understand
 God's two books. It is the Spirit who enables scien-
tists to recognize and grasp knowledge about cre-
ation by coming under a form of provisional au-
thority when conforming their thinking to nature (
 §
 .).   Of course, this knowledge is never final; it is
 subject to ongoing interpretation and elaboration,
 as are all forms of knowledge. But the abilities to
 pursue such knowledge also are gifts given to us by
 our triune Creator. How these doctrines underwrite
 and illuminate human knowing in creation and
 special revelation is similar. If such Christian doc-
trines are on the mark, there are no mediation-free
 ways to understand Scripture, just as there are no
 mediation-free ways to understand nature.
 Last, but not least, as Gunton points out, “Rev-
elation speaks to and constitutes human reason,
 but in such a way as to liberate the energies that are
 inherent in created rationality.”   One of the ways
 creation revelation does this is by enabling human
 engagement with and discovery of creation's con-
tingent rationality. For example, scientists study
 phenomena, uncover facts and relationships, find
  12 
  Colin Gunton, 
 The One, the Three and the Many: God, Creation
 and the Culture of Modernity   (Cambridge: Cambridge Univer-
sity Press, ), esp. part .
  13 
  Gunton, . 
 food for thought, and so on. It is similar for theo-
logians and special revelation. The latter adds to
 the forms of human thought and action and makes
 available elements that would not be available
 when relying on creation revelation alone. Special
 revelation also speaks to and shapes human reason
 when we are open to listening to, struggling with,
 coming to understand, and learning from it. This
 kind of open-ended dialogue with special reve-
lation also parallels our open-ended dialogue with
 creation revelation. In many ways, the book you
 are reading illustrates these open-ended dialogues.
 All of this suggests that the reason-revelation
 dichotomy underlying worries about revelation
 is, as many Enlightenment dichotomies are, too
 crude.   For instance, though it is often obscured
 in modern discussions, classical Greek philoso-
phers operated with a much more seamless rela-
tionship between reason and revelation than is
 typically recognized.   Similarly, many medieval
 European thinkers conceived of reason and rev-
elation being bound together. So clearly it has
 not been the case historically that reason and
 revelation always have been diametrically op-
posed to each other. Indeed, biblical authors did
 not work with such a strict dichotomy. Yoram
 Hazony has argued persuasively that the OT is as
 much a book of reason as of revelation.   Moreover,
 in all his letters, Paul deploys a number of
 classical argument forms to make his case (e.g.,
  14 
 It is true that some early Christian theologians made a strong
 distinction between reason and revelation (e.g., Tertullian). More
 often than not, one sees these early theologians grappling with
 biblical texts as reason   and   revelation as they seek to understand
 the Bible's implications for knowledge and action. Stronger forms
 of distinction between reason and revelation emerged in medi-
eval Islam and Europe, but these distinctions did not take on the
 shape of the modern Enlightenment distinction.
  15 
  Werner Jaeger, 
 The Theology of the Early Greek Philosophers
 (repr., Eugene, OR: Wipf & Stock, ); William K. C. Guthrie,
 AHistory of Greek Philosophy   (Cambridge: Cambridge University
 Press, ), vols.  and ; Stanley Jaki,   The Relevance of Physics
 (Chicago: University of Chicago Press, ); Harold P. Nebelsick,
 Circles of God: Theology and Science from the Greeks to Copernicus
 (Edinburgh: Scottish Academic Press, ), chap. . 
  16 
  Yoram Hazony, 
 The Philosophy of Hebrew Scripture   (Cambridge:
 Cambridge University Press, ).










[image: ]
  68 
  PART ONE: GETTING STARTED ON THE JOURNEY 
 from the lesser to the greater, from analogy).
 The justifications biblical authors produced
 often may not be empirical in the sense we
 expect for the sciences (e.g., truth telling and
 argument may come in the form of poetry and
 parables). Nevertheless, their justifications
 often are the results of argumentation and the
 interpretation of experience, as so much of the
 rationality of life is.   So any strong reason-
revelation dichotomy is extrabiblically forged
 rather than biblically derived.
  4.2. READING THE TWO BOOKS 
 Perhaps the most important advantage the two-
books metaphor offers is that our coming to under-
stand Scripture and creation is remarkably like our
 coming to understand a book on materials science
 and a book on aesthetics. They are written for dif-
ferent purposes and are sources of different kinds
 of knowledge, yet they have some relevant overlaps.
 As readers/interpreters of the two texts, we grant
 some form of authority to the books and their au-
thors so we can consider what they have to say and
 learn from them. As well, we engage in an open-
ended dialogue with the books. For instance, as we
 learn more from the aesthetics book, we are able to
 read it in a different light, apply what we are
 learning in new ways, and see fruitful connections
 with the materials science book (e.g., insight into
 how different materials affect aesthetic qualities).
 All of this reshapes our knowledge gained through
  the aesthetics book. 
  17 
 For instance, the rule of faith involved the life and practice of
 the church as much as interpretation of the Bible (see “Going
 Further: Ancient Exegesis and the Rule of Faith”). Yet it was also
 deeply linked to reason: “The rule did not limit reason to make
 room for faith but used faith to make room for reason.” Eric R.
 Osborn, “Reason and the Rule of Faith in the Second Century
 AD,” in   The Making of Orthodoxy: Essays in Honor of Henry
 Chadwick, ed. Rowan Williams (Cambridge: Cambridge Uni-
versity Press, ), .
  18 
  James Turner, 
 Without God, Without Creed: The Origins of Un-
belief in America   (Baltimore: Johns Hopkins University Press,
 ). Though not his main point, Turner reveals this extrabib-
 lical forging brilliantly. 
 The book and reading metaphors suggest that
 interpretation is crucial to the scientific and theo-
logical enterprises. This may seem surprising to
 you, particularly given the popular caricature of
 scientific investigation as involving no interpre-
tation. But ultimately, how could scientific inquiry
 not be interpretive? Human beings are interpretive
 beings; we are always engaged in interpretation
 and coming to an understanding of things.   Inter-
pretation is the primary way human beings es-
tablish meanings, scientific or otherwise.
 And we do intend   meanings, plural. Consider a
 golf ball. It can be successfully used for several
 meaningful human purposes. For example, it can
 be used in the game of golf, or in a game of catch,
 or as a weapon in self-defense, or serve as a paper-
weight, or be displayed as a curiosity or precious
 keepsake, among many other uses. Each of these
 uses has its own meaningfulness and its own cri-
teria for meaningful use. Also note that these uses
 are not arbitrary. Arbitrary use is nonsensical,
 whereas these examples are all meaningful and
 purposeful. Importantly, they are meaningful in
 different ways, and no one meaning is the “correct”
 one. There is no single legitimate, meaningful use;
 instead, there are many legitimate, meaningful
 uses. There may be one conventional usage that
 has priority in a cultural tradition (e.g., the game
 of golf), but this conventional priority does not
 rule out other possible legitimate, meaningful uses.
 Or consider water boiling in a kettle. We could
 focus on the boiling process as an example of ener-
getic agitation of HO molecules and all we can
 understand about that process. We could focus on
 boiling water as part of preparation for making
 Jell-O for dessert. Both of these understandings are
  19 
 Hans-Georg Gadamer,   Truth and Method
  (London: Continuum, 
 ); Taylor,   Sources of the Self; Frank C. Richardson, Blaine J.
 Fowers, and Charles B. Guignon,   Re-Envisioning Psychology:
 Moral Dimensions of Theory and Practice   (San Francisco, CA:
 Jossey-Bass, ); Robert C. Bishop,   The Philosophy of the So-
cial Sciences   (London: Continuum, ); Alasdair MacIntyre,
 After Virtue: A Study in Moral Theory, rd ed. (Notre Dame, IN:
 University of Notre Dame Press, ).
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 meaningful and appropriate for particular con-
texts. The choice is ours for which context is ap-
propriate given our purposes.
 The sciences are no different in this respect
 from the rest of human activity. Kuhnian para-
digms are instances of scientific disciplinary in-
terpretations involving meanings.   As another
 example, consider conservation of energy. Emmy
 Noether reinterpreted the law of conservation of
 energy as being a consequence of time-reversal
 symmetry. This symmetry has the following
 meaning with respect to our physical laws: If you
 make a movie of a process and play it in reverse,
 is that reverse process allowed by physical laws?
 If the answer is yes, then the process is time-
reversal symmetric. Such processes conserve
 energy (they neither create nor destroy energy;
 they merely transform energy from one form into
 another). Albert Einstein reinterpreted energy
 and matter as interconvertible so that the conser-
vation of energy became the conservation of
 mass-energy. Then there are the many different
 ways of interpreting what energy is.   That some-
thing as basic as energy admits multiple interpre-
tations means that these kinds of reinterpreta-
tions are always possible. However, for these
 interpretations or meanings to be physically
 meaningful, they must meet empirical and co-
herence criteria established by physics.
 Moreover, an event can have different but con-
sistent meanings when viewed from different per-
spectives or in response to different questions.
 Consider a genetic variation. Modern genetics pro-
vides a theoretical understanding of such an event,
 but this is not the only meaning that may be of
 interest. The context in which the variation takes
 place is at least as important to the possible
 meaning of the event. For instance, the variation
 taking place in a laboratory experiment studying
  20 
  Kuhn, 
 Structure of Scientific Revolutions.
  21 
  Jennifer Coopersmith, 
 Energy: The Subtle Concept   (Oxford:
 Oxford University Press, ).
 fruit flies does not have identical meaning with a
 variation taking place in the first one hundred
 thousand years of eukaryotic life. As another ex-
ample, a particular variation in one ecological
 niche may be advantageous, while in another eco-
logical niche the same variation may be neutral or
 harmful. Furthermore, under the doctrine of cre-
ation, variation also finds a different form of
 meaning within God's work in creation, perhaps
 fulfilling divine purposes. None of these meanings
 is any more real or accurate than any others. They
 are different possibilities for the meaningfulness of
 a genetic variation; some are more salient than
 others depending on the context of inquiry.
 Interpretations can be richer or poorer, fuller or
 narrower, more revealing or concealing, more
 comprehensive or less comprehensive, more or less
 accurate. In other words, there are many ways in
 which interpretations may be better or worse.
 Rarely if ever is there a singularly correct, complete
 interpretation. This is because interpretations are
 always tied to contexts of interests or purposes we
 have for understanding or making sense of things.
 And different contexts call for different kinds of
 questions, hence different forms of understanding.
 Therefore, we always need multiple interpretations,
 though some are more relevant in a given context
 than in another. For instance, the understandings
 we are interested in when dealing with genetic
 variations involved in antibiotic resistance are dif-
ferent from the understandings of interest to us
 when thinking about how God might work through
 variations. Notice that these two different contexts
  22 
 The multivocality of interpretations for physical events and
 processes has an important grounding in creation's contingent
 rationality (§   ..), given by God: “What lies behind this re-
markable openness of nature to a variety of possible interpreta-
tions is the contingence of the universe upon the unlimited
 rationality and freedom of God the Creator. If that contingence
 makes the universe mysterious and baffling, it is not because it
 is deficient in rationality but rather because the extent and na-
ture of its rationality exceed our capacity to achieve complete
 mastery over it and therefore to reach any final formalization of
 it.” Thomas F. Torrance,   Divine and Contingent Order   (Edin-
burgh: T&T Clark, ), -.
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 of interest are not contradictory, nor are the under-
standings generated under them in conflict. One
 context of inquiry may render the other less rel-
evant for the kinds of questions we are asking. But
 this context of inquiry, and the understandings it
 generates, does not replace or reduce the other
 context of inquiry (e.g., reducing the context of
 antibiotic resistance to questions about God's ac-
 tivity in creation). 
 It is also important to realize that interpreta-
tions are not free hanging, with nothing to sub-
stantiate them. Interpretations always draw on the
 background knowledge and experiences we bring
 to the activity of coming to understand something.
 In addition, there is the thing to be understood—
 the creation, in the case of the book of nature, and
 the Bible, in the case of the book of Scripture. The
 things we attempt to understand place constraints
 on what can count as better or worse, more or less
 accurate interpretations. So if we are going to seek
 legitimate understandings, we are not free simply
 to take any interpretations we so choose. There is
 always some anchor in the reality of the thing to be
 understood that we must respect if we are to offer
 responsible   readings of the phenomena in either of
 God's two books.   Responsibility implies that
 there is some form of authority involved in the
 human practices of seeking understanding in sci-
ences and theology, where inquirers are pursuing
 various kinds of meaning.
 As a final preliminary comment, we do not at-
tempt to define scientific inquiry as a way of
 knowing, just like we do not try to define theological
 inquiry as a way of knowing. Much ink has been
 spilled over the decades in philosophy of science to
 construct a definition that distills scientific inquiry.
 These efforts have been unsuccessful primarily be-
cause inquiry is a form of practice, and like any form
 of practice, there is always more to scientific inquiry
 than can be articulated, let alone formalized (the
  23 
 Compare with the definition of knowledge in   §   ., where the
 emphasis is on the “appropriate basis of thought and experience.”
 same is true of theological inquiry).   What we can
 do is characterize forms of inquiry such as scientific
 and theological so that their similarities and their
 distinctions become relatively clear. That is what we
 seek to do in this chapter in terms of ways of reading
  God's two books. 
 ... Reading the book of nature.   A basic presuppo-
sition of the two-books metaphor is that creation
 is a reliable means of knowledge about itself. This
 is part of what it means to take nature as genuinely
 having its own contingent rationality (§ ..) and
 as being revelational. Since the seventeenth
 century, natural philosophers and scientists have
 read the book of nature in particular empirical and
 theoretical ways. Theologically, the main goal is to
 understand the creation, and its processes,   on its
 own terms. For seventeenth-century natural phi-
losophers, this meant understanding the sec-
ondary causes God had ordained and given to the
 creation—key elements of nature's contingent ra-
tionality. These secondary causes are the laws,
 forces, properties, and consistent patterns that
 make up the functional integrity of creation. Sec-
ondary causes represent both God's free choice for
 creation's contingent rationality and its relative
 freedom to genuinely participate in accomplishing
 God's purposes. Nonetheless, without a robust
 conception of trinitarian mediation, it has been
 hard historically to not fall into one of two pitfalls:
 either () secondary causes displace the Trinity
 from active engagement in creation or () sec-
ondary causes fall to the wayside, and God causes
 all things in unmediated fashion. This is to say that
 it has been difficult to avoid the either-or dilemma
 discussed in chapter two. 
 Boyle offers us a good example of the two-books
 metaphor in action: “The book of nature is a fine
 and large piece of tapestry rolled up, which we are
 not able to see all at once, but must be content to
 wait for the discovery of its beauty, and symmetry,
  24 
  Michael Polanyi, 
  The Tacit Dimension 
  (Chicago: University of 
  Chicago Press, ). 
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 little by little, as it gradually comes to be more and
 more unfolded, or displayed.”   How is this book
 to be read? According to Boyle, natural philoso-
phers are to “consult experience both frequently
 and heedfully; and . . . they are careful to   conform
 their opinions to it; or if there be just causes,   reform
 their opinions by it.”   Rose-Mary Sargent summa-
rizes Boyle's view this way:
 Nature is a “book” written by an omniscient and
  omnicompetent author....  One cannot reason on 
 purely a priori grounds about such a divinely
 created product, because God's reason and power
 extend far beyond human faculties. Rather, one
 must look at nature—read the text—in order to
 determine what was actually done. The world is
 like a text. It is a coherent, albeit extremely
 complex, whole. To understand any part of the
 great cosmic mechanism, the relations that hold
 between that part and the rest of the whole have to
  be known....  For Boyle, the experimental method 
 was a means by which one could “interpret” the
  book of nature....  The experimental philosophy 
 was designed as a method of interpretation.
 In Boyle we see that scientific investigation is a
 form of interpretive activity. Furthermore, () sci-
entific knowledge is mediated through the em-
pirical activities of the scientist, and () nature has
 a provisional authority over the scientist's interpre-
tations and judgments. We stressed both of these
 ideas above as significant parallels with how
 knowledge is developed from special revelation.
 Building on the work of Galileo, Boyle, and es-
pecially Newton, among others, scientists have a
 number of means for reading nature—for instance,
 the method-evidence links mentioned in chapter 
  three. Here we briefly describe some of these links, 
 which are also called methods of inference:
  25 
  Robert Boyle, 
 The Works of the Honorable Robert Boyle, ed.
 Thomas Birch (Hildersheim: Georg Olms,  []), :.
  26 
 Boyle, :-, emphasis added.
  27 
  Rose-Mary Sargent, 
 The Diffident Naturalist: Robert Boyle and
 the Philosophy of Experiment   (Chicago: University of Chicago
 Press, ), -, emphasis added.
 •
 Deduction:   A valid deductive inference
 conforms to a pattern guaranteeing that if
 the premises are true, then the conclusion
 must be true. Not only does a sound de-
ductive inference have a valid pattern, but
 additionally the premises are true. De-
duction moves from general truths to con-
clusions about specific facts. Scientists typi-
cally use deduction in deriving predictions
 that can be experimentally tested.
 •
 Induction:   An inductive inference consists
 of a number of observations from the same
 class of phenomena (e.g., swans), leading to
 a probable generalization about the class as
 a whole (e.g., all swans are white). The
 strength of the conclusion is directly related
 to the amount and quality of the observa-
tional evidence. While these observations
 are individual events, the conclusion of an
 inductive inference is a general truth about
 the class of phenomena being observed
 (e.g., Newton used an inductive approach to
 infer the provisional universal truth of his
 law of gravity by examining a set of gravita-
 tional phenomena). 
 •
 Abduction, or inference to the best ex-
planation:   Abductive inference is similar to
 induction in that it delivers only probable
 conclusions. It contrasts with induction,
 however, by using   different classes   of phe-
nomena or observations that all seem to
 point toward the same conclusion (e.g., dif-
ferent categories of evidence in a bridge
 failure might point to sabotage). Inference
 to the best explanation is the chief means
  28 
  Gauch, 
 Scientific Method in Practice, chap. . 
  29 
  Gauch, chap. . 
  30 
 I. Bernard Cohen, “Cohen's Discussion of Newton's Methodol-
ogy,” in Peter Achinstein,   Science Rules: A Historical Introduc-
tion to Scientific Methods   (Baltimore: Johns Hopkins University
  Press, ), -. 
  31 
  Peter Lipton, 
 Inference to the Best Explanation, nd ed. (Lon-
don: Routledge International Library of Philosophy, ).
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 scientists use to build theories (e.g., Dar-
win's theory of evolution is the result of in-
ference to the best explanation for the
 natural history of organisms on Earth).
 These forms of inference are not specific to scien-
tific inquiry, of course. They can be found in some
 of the earliest writings of classical Greek phi-
losophy. What scientists have done is develop their
 use of these forms of inference for their specific
 needs in investigating and understanding the
  natural world. 
 Although it has been common to speak of the
 scientific method since the nineteenth century, the
 sciences actually deploy a wide variety of applica-
tions of these method-evidence links. In short,
 what we really have are scientific   methods. In
 general, these methods or strategies for discov-
ering and deploying scientific knowledge can be
 sorted into three categories:
 •
 Theoretical or conceptual: This includes for-
mulating and articulating questions; devel-
oping and clarifying hypotheses, models,
 and theories; articulating hypotheses,
 models, and theories so as to deduce em-
pirical consequences; and background
 knowledge without which no investigation
 can be done (e.g., specialized presupposi-
tions defining disciplinary inquiry).
 •
 Empirical: This includes instruments,
 methods for using devices to intervene or
 interfere to observe consequences, the de-
signing and performing of experiments and
 other forms of observation (including the
 painstaking work to get experimental appa-
ratuses working appropriately), the objects
 of interest that will be observed or experi-
mented on, and detectors enabling scientists
 to observe and gather data.
 •
 Analysis: This includes the data, data pro-
cessing (e.g., calculation of experimental
 error in the gathering of data), data reduction
 (e.g., vast amounts of data transformed into
 displayable or otherwise manageable form),
 data analysis (e.g., comparing predictions of
 a hypothesis or model with the data), and
  data interpretation. 
 All three forms of inference are used in these three
 categories, and examples will be given throughout
 this book. The conceptual, empirical, and analysis
 categories work together mediating partial, provi-
sional knowledge rather than complete or final
  knowledge (§ .). 
 In outline form, we have sketched the scientist's
 way of reading and interpreting the book of nature.
 Common-sense presuppositions such as the basic
 reliability of reason and sense experience, the uni-
formity and intelligibility of nature, and scientific
 values such as simplicity, consistency, and fruit-
fulness, as well as specific assumptions about the
 particular scientific areas of investigation, all con-
tribute to the scientist's coming to understand the
 book of nature. In turn, the creation has a say in
 these understandings developed by scientists,
 sometimes saying “Getting warmer!” or some-
times “Getting colder!” Last but not least is the role
 of scientific communities functioning as commu-
nities of accountability, holding each other respon-
sible for the rigor and accuracy of the work that
 they do. Ultimately, scientific knowledge is pro-
duced through scientific communities engaged in
 practices of inquiry applying appropriate quality
 control to scientific investigation and results.
 It is part and parcel of creation revelation that
 detailed knowledge about creation is learned in
 the very act of working with and coming to under-
stand nature. The knowledge gained by the farmer
 in Isaiah, or even Adam in the garden, was re-
vealed in the very processes of working with and
 contemplating the creation. Scientific knowledge
 is similar. Nature's God-given properties are re-
vealed step by step in the complex interaction
 taking place between the conceptual, the empirical,
 and analysis. So scientific knowledge is neither
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 Going Further: Misunderstood Scientific Terms
 Here, we want to explain some common terms used in the sciences as well as some misconceptions people tend to have
 about them. These misconceptions largely stem from a difference in how the same terms are used in everyday contexts
 versus how scientists use them in their specialized contexts.
 Theory.   A generic definition of scientific theory that captures basic scientific usage is   a systematic body of knowledge
 (facts, premises, hypotheses, etc.) used for understanding some domain of the natural world.
 Theories can span the range from being completely false to approximately true to true. Nevertheless, as we saw in
  chapter three, what scientists mean when they use the word truth is that their theories are well confirmed as provision- 
ally true. Any theory is still subject to revision or modification due to what we might discover in the future. For instance,
 when a scientist says that evolutionary theory is true, this means it is currently highly confirmed but still subject to
 possibly significant revision in the future. Moreover, no theory is ever complete; scientists continue to develop theories,
 further articulating them, extending them, filling in gaps, and so forth.a  For example, evolutionary theory has under-
gone significant modification and extension over the centuries (part ).
 Fact.   A fact is something established beyond reasonable doubt—in other words, highly likely to be the case or true.
 But as with theories, facts are also only provisionally true. They can be revised or overturned by future discoveries. We
 clearly can be mistaken in our understanding or interpretation of facts. For instance, if a scientist says that evolution is
 a fact, they can only mean that some mechanisms or some observations regarding evolution are taken to be the case or
 true to the best of current knowledge.
 A very common misconception is to confuse the distinction between facts and theories as scientists use them and
 our everyday usage of these terms. In everyday situations, we tend to use the word   theory   to denote an unproven idea
 (e.g., “My theory is that the butler did it”), while taking facts to be firmly established. So in everyday settings, we expect
 that some idea might start out as a theory and then be established as fact. In contrast, theories in the sciences are well-
supported bodies of knowledge that actually have a more secure status than facts do because theories have significant
 amounts of supporting evidence as well as providing the meaning for facts. In the normal business of scientific inquiry,
 scientists do not put effort into theories unless there is already a solid body of evidence supporting those theories.
 Enhancement.   In everyday parlance, an enhancement is an improvement. What scientists mean by an enhance-
ment is that some quantity they are measuring (e.g., chemical concentration) has increased or intensified. This may or
 may not be desirable depending on the context. For example, enhancements of greenhouse gases in the atmosphere
 have very undesirable effects on Earth's climate.
 Positive trend.   We view a positive trend in everyday life as, well, positive, in the sense of being a good thing. For
 scientists, a positive trend is an upward trend such as the increase in velocity as a car accelerates. Positivity refers to
 increase in magnitude as time goes on. Again, this may or may not be desirable depending on the context. A positive
 trend in greenhouse gas concentrations in Earth's atmosphere is undesirable.
 Positive feedback.   In everyday usage, positive feedback is great because it is some form of praise or encouragement.
 For scientists, positive feedback can be a bad thing because it is a self-reinforcing cycle that can lead to breakdown or di-
saster if something does not regulate it. An example would be the ice-albedo effect. Snow reflects sunlight (high albedo).
 When it melts, more dark ground is exposed, which absorbs sunlight (lower albedo). This means more heat is absorbed,
 which causes more snow to melt, causing more dark ground to be exposed, which absorbs more heat, and so forth.
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 mere constructions of the mind nor easily read off
 nature at some abstract distance. Like the farmer,
 scientists have to roll up their sleeves and start
 digging if they want the fruit of creation revelation.
 ... Putting it all together: Newton's “style” of inquiry.
 As an illustration of these features of scientific in-
quiry in action, consider the work of Newton.
 Along with all the discoveries he made, Newton
 developed and refined an approach to studying the
 creation that proved to be very powerful and is still
 shaping inquiry in the physical sciences. It is a
 “style” of inquiry, as I. Bernard Cohen describes it,
 which makes use of the evidence-method links as
 well as theoretical, empirical, and analysis charac-
 teristics described above. 
  32 
 For details, see I. Bernard Cohen,   The Newtonian Revolution
 with Illustrations of the Transformation of Scientific Ideas   (Cam-
bridge: Cambridge University Press, ), chaps.  and . 
 Newton's starting point was what he called
 phenomena—observed repeatable effects that are
 generally agreed on by the relevant community of
 investigators (e.g., astronomers). Observed gravita-
tional effects are phenomena for Newton: rocks
 falling to the ground, the Earth and planets orbiting
 the Sun, the Moon orbiting the Earth, and moons
 orbiting other planets. He used induction and what
 would later be recognized as inference to the best
 explanation to produce an empirically supported
 generalization about the force or cause of these
 phenomena—what he called the universal law of
 gravity. He then used deduction to derive observable
 consequences of that generalization that could be
 compared with observations and experiments.
 Newton's style of inquiry made crucial use of
 mathematical models. He initially developed an
 idealized or simplified mathematical model of
 the phenomena based on physical features of the
 Uncertainty.   When someone is uncertain in everyday contexts, we think of them as hesitant, doubtful, or unsure.
 In a scientific context, uncertainty is a range of values produced by a measurement. For instance, a quick glance at the
 change in a pocket might lead one to see that one has thirty cents, give or take three cents. The possible range of change
 in the pocket is from twenty-seven to thirty-three cents. Making a more precise measurement (e.g., counting the face
 value of the coins) would reduce this uncertainty or range of values.
 Error.   An error in our everyday world is a mistake. For scientists, error is the difference between a measured value
 and the true value. Counting the coins in a pocket would tell one the true value of the amount of change one has, thirty
 cents, say. Someone quickly glancing at the same coins may observe the amount to be twenty-seven cents. The error is
 the difference between these two values: three cents. Scientists work very hard to discover and reduce sources for error
  in their measurements. 
 Bias.   We think of bias in everyday contexts as some kind of distortion or political/ideological motive. In a scientific
 context, a bias is a systematic offset in an observation. For instance, suppose a car's speedometer consistently reported
 the speed to be three miles per hour faster than the true speed. The speedometer is biased since it was giving a consis-
 tently high reading. 
 Manipulation.   Manipulation is a dirty word in everyday contexts because it is some form of illicit tampering. How-
ever, in a scientific context, manipulation simply means processing. Sorting data from the smallest to the largest values
 or arranging the data into a visual form for inspection are examples of data manipulations. There is nothing illicit or
 untoward about data processing.
 a
 Hence, to object to a theory because it has“gaps”says more about how little the objector understands about scientific theories than it does about the
 status of the theory.
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 situation to be modeled. Using deduction, he de-
rived observable consequences from that model
 that could be compared with observations. Based
 on the degree of fit between those predictions
 and the observations, Newton would go back to
 the model and refine it systematically, making it
 more realistic, then rederive the observable con-
sequences, compare them with the observations,
 and repeat the process until he achieved
 agreement to within experimental error between
 the model and observable phenomena.
 As an example, suppose we wanted to calculate
 the shape of the Moon's orbit around Earth using
 Newton's law of gravity. The simplest mathematical
 model we could construct for this situation would
 be to imagine an idealized universe that only con-
tained the Earth and orbiting Moon. Based on
 Newton's laws of motion and the law of gravity, we
 could calculate the Moon's orbit and then compare
 that with astronomers' observations. What we
 would find is that our predicted orbit has only very
 crude agreement with the observations. It captures
 some of the most relevant factors shaping the
 Moon's motion. Yet we need to make our model
 more realistic to the Moon's actual situation. We
 could do that by adding in another body from the
 solar system. The Sun is the most massive object in
 the solar system, by far, but Mars is the next-closest
 body on average to the Earth-Moon system. Which
 body should we add in next? It turns out that for
 the length scale of our solar system, the Sun's mass
 has a much larger effect than Mars being closer (for
 bodies in a local region, very large masses make
 more difference than the distance between masses;
 this can be deduced from the mathematical form
 of Newton's gravitational force).
 So now we have a mathematical model with the
 Earth orbiting around the Sun and the Moon or-
biting around the Earth. We would then repeat the
 calculation of the Moon's orbit, taking into account
 the gravitational effects among the Earth, Sun, and
 Moon. This three-body calculation is quite chal-
lenging, though Newton was able to perform a good
 approximate solution without the use of computers.
 With our new prediction for the Moon's orbit in
 hand, we would then compare these results with
 astronomers' observations. Our prediction would be
 in closer agreement but still not fit well enough. Re-
turning to our model, the next-most massive object
 in the solar system is Jupiter. It is significantly more
 massive than Mars, so according to our systematic
 procedure, Jupiter's effects would be the next thing
 to add to our model to make it more realistic. This
 four-body problem makes for very difficult calcu-
lation, but once the orbit is computed, we could
 compare it with the observations. Given the instru-
ments and precision available in Newton's day, our
 prediction would agree well with astronomers' ob-
servations to within experimental error.
 The goal of Newton's style of investigation was
 to discover the forces and causes giving rise to the
 observed phenomena. The basic idea is to infer the
 forces and causes from their observed effects using
 mathematical modeling to guide scientists in what
 to look for. This provides an explanation for ob-
served effects such as the planetary orbits in the
 solar system. In this approach, Newton separated
 the mathematical description of the forces and
 causes from the actual properties of those forces
 and causes. The first step is to produce a mathe-
matical model based on the assumptions and defi-
nitions grounded in observed phenomena. This
 approach forges a systematic connection between
 phenomena we observe and mathematical mod-
eling. Armed with this mathematical model for the
 forces and causes of the phenomena, the second
 step is to identify the physical forces and causes in
 nature whose properties have the right mathe-
matical relationships. Observations allow us to
 confirm the match between cause and effect
 (which involves inference to the best explanation).
 Newton's style of investigation crystallized an ap-
proach to studying nature that involves theoretical,
 empirical, and analysis aspects in a systematic form
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 of inquiry that has been refined and extended over
 the centuries and is still the basis for all physical sci-
ences. It is systematic yet also involves a great deal
 of creativity rather than following a sequence of
 fixed steps.   This is perhaps Newton's greatest pro-
fessional legacy and gift to the creation and Creator
 he so loved. It exemplifies creation revelation and
 the functional integrity of creation in a powerful,
  elegant way. 
 ... Reading the book of Scripture.   The two-books
 metaphor also presupposes that the book of
 Scripture is a reliable means of knowledge. This
 is part of what it means to take the Bible as au-
thoritative. Chapter one  introduced some basic 
 principles for interpreting the Bible; here we
 want to say something brief about the complex
 history of biblical interpretation. Then we will
 turn to the work of theologians in theological
 inquiry, which is primarily focused on the Scrip-
tures, and draw out some similarities and differ-
ences with scientific inquiry.
 The history of biblical interpretation is much
 more complicated than is commonly appreciated
 and could literally fill books.   The kind of “literal
 interpretation” familiar to us got its start in the six-
teenth century. The Council of Trent's response to the
 Reformation played an important role in the rise of
 modern literal interpretation along with other large-
scale social, political, economic, and intellectual
 trends. Prior to the sixteenth century, the dominant
 approach to interpretation was some form of multi-
layered interpretation involving literary, allegorical
 (hidden spiritual meaning), tropological (moral
 metaphor), and analogical (comparison) readings of
 biblical texts.   Literal interpretations became in-
  33 
 Good scientific inquiry is more like planning and executing an
 oil painting than filling in a color-by-number picture.
  34 
 For example, Alan Hauser and Duane Watson, eds.,   A History
 of Biblical Interpretation, vol. ,   The Ancient Period   (Grand Rap-
ids: Eerdmans, );   A History of Biblical Interpretation, vol.
 ,   The Medieval Through the Reformation Periods   (Grand Rapids:
  Eerdmans, ). 
  35 
 It is common to use such terms as   literal,   allegorical, and   tro-
pological, among others, to characterize Christian exegesis of
 creasingly enshrined in both Catholic and Protestant
 approaches to Scripture during the Reformation and
 Counter-Reformation. Numerous arguments broke
 out over the proper doctrine defining true Christi-
anity, where the ultimate authority for biblical inter-
pretation lies, and so forth.
 There were further developments in the seven-
teenth century owing much to the work of the
 Renaissance humanists. For instance, in a preface
 by George Hughes, we see the first discussion of
 Moses' background—his genealogy, place of birth,
 education, time of writing, use of language, and
 authorial purposes.   This is an approach that
 eventually became standard for all commentaries.
 Moses' intentions as an author and his historical
 context were considered by Hughes to be crucial
 to interpreting Genesis properly as “sacred history.”
 The human authors of the Bible had become an-
chored in historical places and times in a way they
 had not been in prior centuries. Such historical
 anchoring was important to the modern literal
 interpretation of biblical texts. In his “Adver-
tisement to the Reader” in , Henry Hammond
 argued that the meaning of the biblical texts was
 to be determined by the same means as we use for
 any other human writings.   Thus the roots for
 what was later called the historical-grammatical
 approach to biblical interpretation were planted.
 the Bible during the first few centuries of the church. Such
 terms admit of some imprecision and variations in meaning
 across the centuries as well as within communities in any given
 age. Francis Young has argued that there may be a better
 scheme and vocabulary for describing what early Christian
 pastor-theologians were doing in their exegesis of Scripture. See
 his   Biblical Exegesis and the Formation of Christian Culture
 (Cambridge: Cambridge University Press, ).
  36 
  George Hughes, 
 An Analytical Exposition of the Whole First
 Book of Moses, Called Genesis, and of XXIII Chap. of His Second
 Book, Called Exodus Wherein the Various Readings Are Ob-
served, the Original Text Explained, Doubts Resolved, Scriptures
 Parallelled, the Scripture Chronology from the Creation of the
 World to the Giving of the Law at Mount Sinai Cleared, and the
 Whole Illustrated by Doctrines Collected from the Text: Delivered
 in a Morning Exercise on the Lord's Day   (Amsterdam, ).
  37 
  Henry Hammond, 
 A Paraphrase and Annotations upon All the
 Books of the New Testament: Briefly Explaining All the Difficult
 Places Thereof, vol.  (London, ).
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 During this period of transition, commentators
 began to treat the Bible as a source of history, geog-
raphy, and natural philosophy and not just as
 writings about faith and practice.   Peter Harrison
 gives an example of how this shift affected Christian
 understanding of the geography of paradise:
 In the early modern period, the geography of
 paradise . . . took on an unprecedented signifi-
cance. Whereas for medieval and patristic exe-
getes the Garden of Eden had been a potent idea,
 laden with psychological or allegorical
 meanings—paradise was thus placed in the third
 heaven, the orb of the moon, or in the human
 mind—now considerable efforts were expended
 on attempts to identify the earthly location of
 Eden and in describing its physical features.
 Literalism became the dominant interpretation in
 the eighteenth century under the influence of En-
lightenment thinking, itself shaped by intellectual
 and cultural developments such as mercantilism,
 capitalism, the growth and bureaucratization of
 nation-states, and changing conceptions of the in-
dividual and society.   Along with literalism came
 a shift in reading the Bible as revelation from God
 for formation to transform our hearts, minds, and
 bodies to love God more richly, to the Bible as
 verifiable information demonstrating God's truth
 to us that fit with Enlightenment standards for his-
torical and other nonfiction texts.
 This evolution in the history of interpretation is
 often missed because far too few commentators
 explore the role of   literal or literary interpretation
 in the history of Christianity. For the pastor-
theologians of the first few centuries of the church,
 a literal interpretation primarily was focused on
  38 
 Indeed, in the sixteenth and seventeenth centuries, debates over
 the supposed biblical teaching of astronomy played important
 roles in disagreements over heliocentric models of the solar
 system. See Kenneth J. Howell,   God's Two Books: Copernican
 Cosmology and Biblical Interpretation in Early Modern Science
 (Notre Dame, IN: University of Notre Dame Press, ).
  39 
  Peter Harrison, 
 The Bible, Protestantism and the Rise of Natural
 Science   (Cambridge: Cambridge University Press, ), -.
  40 
  Turner, 
 Without God, Without Creed.
 determining what the author was communicating
 through the text. Ascertaining this truth was de-
pendent on understanding the genre used by the
 author as well as the different interpretive layers
 where the meaning was to be found. The “literal
 interpretation” more often than not was taken to
 be some form of spiritual or allegorical meaning.
 Such meanings might or might not be dependent
 on the literary or literal sense of the text in question.
 With that literary sense in hand—the surface layer
 of meaning—the expositor then typically looked
 for how the biblical texts pointed to Christ, the
 central figure of the Bible.   The literal sense was
 usually treated as a sign pointing more deeply to
 the thing signified: Christ. Indeed, many early
 Christian commentators deemphasized the literal
 sense, as we would understand it, precisely   because
 this sense did not reveal Christ. In other words,
 early pastor-theologians largely interpreted the
 Bible   theologically and sacramentally.
 Where did they learn this approach to biblical
 interpretation? From the apostle Paul and other NT
 authors. Paul gave typological, theological, spir-
itual, and sacramental readings of the OT in his
 epistles.   Paul realized the OT was a theological
 text telling its readers about God and, under the
 inspiration of the Spirit, treated it as a theo-
logical text. For instance, in  Corinthians :-
  41 
 For example, Cyril of Alexandria (–) took this to be the
 “theologically literal sense” of the Scriptures. See Paul M. Blow-
ers, “Eastern Orthodox Biblical Interpretation,” in Hauser and
 Watson,   History of Biblical Interpretation, :.
  42 
  Peter Bouteneff, 
 Beginnings: Ancient Christian Readings of the
 Biblical Creation Narratives   (Grand Rapids: Baker Academic,
 ). See also the Ancient Christian Commentary on Scripture
 from InterVarsity Press, general ed. Thomas C. Oden.
  43 
 Bouteneff observes, “Paul takes the spectrum of Jewish herme-
neutical methods—literal, allegorical, midrashic—and uses
 these instruments in a completely new way. In doing so, he says
 things that are revolutionary to the Jews but in a language and
 framework very much their own” (Beginnings, ). Paul's com-
mentary on the OT is very much in the postexilic style of Jewish
 intertextual commentary, which he was trained in, but deployed
 to reveal the Son of God as the central meaning of the biblical
 texts. For related discussion, see Richard B. Hays,   Echoes of
 Scripture in the Letters of Paul   (New Haven, CT: Yale University
  Press, ). 
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 he interprets the Israelites' passing through the
 parted Red Sea as a baptism and their food and drink
 as symbolizing their spiritually nourishing them-
selves through Christ (referring to Ex ; :-; Num
 :-), invoking the sacraments. Or consider
 Romans :-, where he interprets Deuteronomy
 :- as referring to Christ and faith in him. Paul
 treats the bread and the wine in the sacrament of
 Communion as signs pointing to the life, death, and
 resurrection of Christ and the new life given us
 through the Spirit. Christ is his interpretive key for
 the OT, as was the case for Peter and other NT au-
thors.   Early Christian commentators followed Paul,
 Peter, and the Gospel authors' styles of interpretation,
 reading the biblical texts as signs pointing to the
 deeper (sometimes mystical, sometimes symbolic,
 sometimes analogical) reality of Christ.
 There was already a long-standing tradition of
 offering multilayered interpretations of texts in
 the classical Greek world. For instance, Homer's
 Iliad   and   Odyssey   were often read as having both
 literary (surface layer) and deeper meanings. So
 Paul and early Christian pastor-theologians' mul-
tilayered interpretations of the OT are not excep-
  44 
 In Luke's Gospel, the account of the road to Emmaus (Lk :-
 ) portrays Jesus as interpreting the OT in terms of the Mes-
siah—the Son of God. This provides another example for early
 Christian exegesis taking Christ to be the interpretive key to the
 Bible (see also Jn :). Early pastor-theologians immersed
 themselves in many examples of such exegesis in the Gospels,
 seeing Jesus as the Messiah prefigured in the OT. See Richard B.
 Hays,   Echoes of Scripture in the Gospels   (Waco, TX: Baylor Uni-
versity Press, ), for related discussion. One can only specu-
late on the kind of influence Luke's conversations with Paul
 during the missionary journeys narrated in Acts had on his
 writing of his Gospel and Paul's writing of his letters.
  45 
  Manlio Simonetti, 
 Biblical Interpretation in the Early Church:
 An Historical Introduction to Patristic Exegesis   (Edinburgh:
 T&T Clark, ), -. This does not mean that the NT authors,
 under the inspiration of the Spirit, thought that every statement
 in the OT revealed or pointed to Christ (e.g., Num ) or that the
 OT writers were consciously working with Jesus in mind.
 Rather, many statements in the OT were interpreted and ap-
plied to Christ retrospectively under the inspiration of the
 Spirit. Such NT interpretations expand on the meaning the
 original ANE audience would have heard when these texts were
 read, while many other statements were understood to be part
 of the sweep of the OT moving toward the fulfillment of God's
  purposes in Christ. 
 tional in this regard. Early Christian thinkers
 tended to deemphasize what we would call the
 literal interpretation. They considered this to
 have the least significance for understanding the
 truths God was communicating through the
 Scriptures about Christ. Indeed, it was not un-
common for them to follow Paul's example in
  Corinthians :-. In this text he draws a spir-
itual parallel with Moses' wearing a veil in Exodus
 :- and the hardness of heart of his Jewish
 brothers and sisters. They were reading the Scrip-
tures with a veil over their eyes, unable to see how
 Christ was the fulfillment of the OT. Basil of Cae-
sarea (–) puts it this way:
 The one who has been empowered to look into
 the depth of the meaning of the law, and, after
 passing through the obscurity of the letter, as
 through a veil, to arrive within things un-
speakable, is like Moses taking off the veil when
 he spoke with God. He, too, turns from the letter
 to the Spirit. So with the veil on the face of Moses
 corresponds the obscurity of the teaching of the
 law, and spiritual contemplation with the turning
 to the Lord. He, then, who in the reading of the
 Law takes away the letter and turns to the Lord—
 and the Lord is now called the Spirit,—becomes
  moreover like Moses. 
 Such complex interpretations of biblical texts
 continued in the medieval period, building on the
 exegesis of early Christians, though not accepting
 what they said uncritically. Medieval exegetes de-
veloped a fourfold schema for interpretation that
 they saw as naturally growing out of the inter-
pretive practices of the early church. The first layer
 in this schema was the   historical/literal. Given their
 understandings of   historical   and   literal, they
 sought to determine the most obvious reading of a
  46 
 Quoted in Bouteneff,   Beginnings
 , . Interestingly, Martin Lu-
ther had his own version of this. He argued that the literal-
historical sense of the text is the “letter that kills,” whereas the
 literal-prophetic sense of the text conveys life through revealing
 Christ. See Mark D. Thompson, “Biblical Interpretation in the
 Works of Martin Luther,” in Hauser and Watson,   History of Bib-
 lical Interpretation, :-. 
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 text by their lights. It was typical for medieval in-
terpreters to maintain that texts such as Genesis 
 could have several literal meanings, some of which
 were incompatible. Thus, for much of the medieval
 period, there was no insistence that there must be
 one true—univocal—literal meaning of a text (so
 long as a reading of a biblical text was not
 heretical).   The assumption was that the authority
 of the Scriptures included multiplicity of meanings
 even when there were tensions among various
 literal meanings.   This assumption was reex-
 amined centuries later. 
 The second layer can be characterized as   tropo-
logical   or   paraenetic   (exhortation). It focused on
 moral and ethical instruction and encouragement
 in a text, particularly on the relationship between
 a person and their community and God. The
 third layer is often called   allegorical   but perhaps
 is better thought of as   theological. It focused on
 how the text in question revealed Christ and the
 church, often making use of allegory. The final
 layer was the   anagogical. These interpretations
 tended to focus on the eschatological or ultimate
 end and consummation of all things. Medieval
 interpreters were united in considering the last
 three layers of interpretation to be more im-
portant than the historical/literal well into the
  fifteenth century. 
 From the latter half of the fifteenth century
 forward, one sees the interest in the historical/
 literal layer of interpretation rising. There was an
 explosion of interest in philology and literary
 studies pioneered by Renaissance humanists in the
 sixteenth century. Adopting these studies and
 techniques in biblical studies and exegesis led to
  47 
 Such multivocal readings of biblical texts have a long history,
 dating back to postexilic Israel. See Bouteneff,   Beginnings, -
 ; Richard N. Longenecker,   Biblical Exegesis in the Apostolic
 Period, nd ed. (Grand Rapids: Eerdmans, ), chap. .
  48 
 The study of grammar and etymology played an important role
 in establishing these literal meanings. Nevertheless, we should
 resist the temptation to imagine medieval commentators as
 engaging in the kind of historical-grammatical methods so fa-
miliar to us. Such methods had yet to be invented.
 textual criticism, comparative philology, and re-
newed interest in the history of the ANE. In the
 same timeframe, there was a growing interest in
 precision and rational order that also shaped the
 interpretation of Scripture. By the eighteenth
 century, these trends eventually rendered implau-
sible the idea that there could be multiple literal
 meanings of texts. Finally, there were the effects of
 the Reformation and Counter-Reformation, men-
 tioned previously. 
 All of these factors led to increasing focus on
 literal and historical forms of interpretation at the
 expense of seeking multiple forms of interpre-
tation and multivocal meanings for texts. Indeed,
 gradually biblical commentary from the fifteenth
 through the sixteenth century increasingly focused
 on the literal sense of passages, beginning with
 those passages dealing most directly with salvation,
 eschatology, and ethics.   Passages describing cre-
ation were among the last to receive sustained
 commentary in the literal sense. By the end of the
 sixteenth century, the dominant view, at least in
 Protestant circles, was that God's revelation was in
 the literal sense of biblical texts, and this was the
 source of theological truth.   In this way the spir-
itual sense of the Bible collapsed into the literal
 sense.   The growing interest over the course of the
 eighteenth century in knowledge that was precise,
 concrete, and demonstrable by either logical or
 empirical means completed the modern dis-
comfort with multilayered, multivocal readings of
  biblical texts. 
  49 
 One sees this shift reflected in the commentaries of Martin Lu-
ther and John Calvin, for instance.
  50 
 Due allowance was made for different genres, figurative lan-
guage (e.g., passages referring to God having hands), and for
 biblical revelation being accommodated to human limitations.
 See Howell,   God's Two Books. For example, that God spoke to
 Israel in the context of the cosmological understanding of the
 ANE is a testimony to God's grace: God did not require the
 people to learn a new cosmology to understand divine love and
  purpose (§ .). 
  51 
 John Calvin is an excellent example of someone who sought the
 spiritual meaning within the literal sense of the text instead of
 in additional layers of meaning.
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 The Reformation and Renaissance shift away
 from a multilayered, theological, and sacramental
 hermeneutic to a historical-grammatical herme-
neutic had an important but unintended conse-
quence. The Bible came to be viewed as a historical
 text   just like any other work of history, only superior
 to all others. This meant that the Bible now com-
peted with all other historical texts   on their terms
 rather than being a collection of writings that was
 distinctly different   from all other human-authored
 histories. Furthermore, as a historical text, it was
 to be read according to the contemporary conven-
tions for history. Once the Enlightenment stan-
dards for historical texts and historical interpre-
tation were set, the Bible was often treated   as if it
 were a book written to these Enlightenment stan-
dards, which is where we are today.
 However, adopting Enlightenment standards
 for what counts as historical is seriously prob-
lematic for contemporary biblical interpretation.
 What “historical writing” means differs from age
 to age. The ANE had no history writing as we
 would understand it. The recording of events in the
 ANE did not have the aim of producing verifiable
 accounts of “what really happened.” Instead, these
 accounts used stylistic and formulaic elements to
  52 
 The application of Enlightenment standards to biblical texts and
 some of its effects are discussed in Turner,   Without God, With-
out Creed; and Mark Noll,   The Scandal of the Evangelical Mind
 (Grand Rapids: Eerdmans, ).
 Going Further: Ancient Exegesis and the Rule of Faith
 On this side of the Enlightenment, one might legitimately worry that deemphasizing the literal sense of biblical texts
 could result in unconstrained interpretations. By comparison, the historical-grammatical approach seems to constrain
 the interpretive possibilities, though in actuality only mildly. For early Christian commentators, the   rule of faith   served
 as the key constraint on interpretation. In essence the rule of faith was to interpret Scripture in terms of the crucified
 Christ as the second person of the Trinity—life, cross, resurrection, and providential governance working out the pur-
poses of Father, Son, and Spirit. Irenaeus, Clement of Alexandria (–), and Tertullian (ca. –ca. ) are examples
 of early pastor-theologians who followed the rule of faith while allowing that it does not necessarily guarantee univocal
 understandings of biblical texts. What the rule does assure is   continuity with apostolic teaching.
 The rule of faith was not merely a methodology for reading Scripture but a way of life indelibly linked to loving God
 and to the practices of living out what was revealed in Scripture. For instance, Irenaeus thought that the rule of faith
 demonstrated the unity of the church: the same trinitarian faith was received by all Christians everywhere. Moreover,
 trinitarian faith defined the boundaries of orthodoxy. This was the faith passed down through the witness of the apos-
tles. Their witness, in turn, was based on how Christ taught them to understand Scripture. So apostolic practice, such as
 Paul and Peter's, was crucial to guiding Christian life and interpretation. The crucified Christ as the Son of the Father
 living and resurrected through the Spirit supplied the coherent understanding of both the Scriptures and the way of life.
 The rule of faith functioned as a kind of self-consistency check. A reader could constantly check that the faith deliv-
ered to the saints by the apostles was actually exhibited in the Scriptures. In turn, the reader could check that the
 Scriptures actually revealed this faith. More than this, the rule of faith involved a very important hermeneutical move-
ment. In light of the rule of faith, the meaning of the Bible became clearer and deeper over time. Likewise, as the mean-
ing of the Scriptures deepened, the rule of faith became enriched and extended. There was a constant movement back
 and forth between the Scriptures and the rule of faith that led to the further illumination of both. In this way the rule of
 faith worked to both unite the church and provide a basis for Christian practice, reasoning, and interpretation.
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 legitimate the king and explain the outcomes that
 were evident in the past or being shaped for under-
standing the present. One sees this going on in the
 OT where God is shown to be ruler over all and
 Israel is given their identity as God's people.
 This is different from what it meant to be his-
torical in the classic Greco-Roman period, when
 the legendary and the mythical were often inter-
woven into history writing. Such a sensibility is
 exhibited in the first few centuries of Christian
 biblical interpretation. This is different again
 from what it meant to be historical in the Renais-
sance period. There was new emphasis on original
 sources and original languages (i.e., Hebrew and
 Greek instead of Latin translations). As well, the
 development of philology led to privileging it
 over theology as the appropriate tool for textual
 analysis. This is different again from what it
 means to be historical from the Enlightenment
 forward. The emphasis now was on producing a
 verifiable account of “what really happened.”
 Consequently, a lot of contemporary historical-
grammatical interpretation unintentionally ends
 up privileging an Enlightenment set of standards
 as well as a distinctly modern methodology   over
 the authority of the original meaning of the bib-
lical texts in their contexts.
 It is important to realize that a text does not
 have to be historical according to Enlightenment
 standards to convey truth. Science textbooks rarely
 engage in history but truthfully represent aspects
 of the world. Likewise, even though they do not
 conform to modern historical standards, the four
 Gospels in the context of the OT and NT faithfully
  53 
 Here are two brief examples of how history was treated differ-
ently in different eras. From the ANE: Psalm  gives an ac-
count of the Egyptian plagues but changes the order and leaves
 two out to accomplish its purposes of demonstrating God's di-
vine rule and saving work. From the early church period:
 Bouteneff notes, “Typology, as the early fathers used it, was
 nothing less than a completely new understanding of history
 based on a general (and profound) sense of divine providence
 as realized most sharply and significantly in salvation in Christ”
  (Beginnings, ). 
 communicate the truth about Jesus' identity and
 mission as Creator-Redeemer of the world. Be-
lievers need not feel the need to force the Bible into
 modern historical standards and expectations to
 have an authoritative text that reliably communi-
cates God's truth. The authority of the Scriptures
 depends on God as ultimate author, not on con-
forming to humanly established standards for
 history, science, or any other field (chap. ). 
 ... Theological inquiry.   With this brief history of
 interpretation in place, the work of theologians is
 to understand principles and patterns in the Bible
 that illuminate who God is. Like scientists, they
 formulate and articulate questions and propose
 answers to those questions, but questions suited
 for the subject matter of Scripture. Theologians
 engage in conceptual techniques of grammatical,
 linguistic, literary, exegetical, historical, and
 theological analysis, taking both special and
 general revelation into account (some even take
 creation revelation into account). The work of
 theologians is dialogical, framing an interpretive
 approach to the Scriptures, while biblical reve-
lation in turn shapes or informs theological inter-
pretation. This has a rough analogy with how
 scientists' theorizing about the natural world
 while learning from the creation shapes and in-
forms their theoretical interpretations.
 Good theological inquiry pays close attention
 to the historical development of theological ideas.
 Depending on the particular scientific field, scien-
tists may need to pay more or less attention to his-
torical development of ideas in their field. Theolo-
gians deduce consequences of their interpretations
 and theologies that can in turn be compared with
 the Scriptures, experience, and the history of
 Christian thought. While theological inquiry does
 not engage in anything like controlled experiment,
 it does have its own conceptual, observational, and
 analysis features. The interpretations and theol-
ogies theologians produce are always partial, pro-
visional knowledge rather than complete or final
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 knowledge. Theological knowledge, as with scien-
tific knowledge, is mediated through the ongoing
 work of a community. Finally, the history of theo-
logical development is almost always crucial to the
 ongoing work of theologians.
 Perhaps the most important difference with
 knowledge in the natural sciences is that much
 theological knowledge is   personal. It is knowledge
 of the person of the Messiah, God with us, the
 three persons of the Trinity, the people of spir-
itual communities (e.g., Israel and the NT church),
 the histories of these persons and their interac-
tions and responses. In contrast, natural scientific
 inquiry studies objects rather than persons.
 Knowledge of scientific objects of study can often
 be put in terms of concrete propositions demon-
strable by empirical or computational means.
 Knowledge of persons and their relations typi-
cally is not this kind of knowledge. As Robert
 Boyd puts it, “The God in whom the Christian
 believes is not the Object of propositions that one
 can set about proving or disproving, but the
 Subject of encounter, an encounter centered on
 our moral response to Christ.”
 To have the fullest possible understanding of
 the world in which we live, we need both scientific
 and theological forms of inquiry, both scientific
 and theological forms of knowledge. Focusing pri-
marily on one to the exclusion of the other means
 that we leave out vast swaths of our world.
  4.3. CONCORDIST AND 
  NONCONCORDIST READINGS 
  OF GOD'S TWO BOOKS 
 You would not try to read a history book the same
 way you read a book of poetry or a romantic
 comedy. Similarly, as we have sketched above, we
 do not read the book of nature the same way we
 read the book of Scripture. Good readers respect
  54 
 Robert L. F. Boyd, “Reason, Revelation and Faith,” in   Christian-
ity in a Mechanistic Universe and Other Essays, ed. Donald M.
 Mackay (Chicago: InterVarsity Press, ), .
 the genre and subject-matter differences of the
 books they read. Having said this, we often want to
 know how the understanding gained from a
 history book may be related to our understanding
 of the book of poetry we are reading. Although this
 has become a particularly vexed issue since the late
 nineteenth century, we often want to know how
 our understandings of nature relate to our under-
 standings of Scripture. 
 A key assumption of the two-books metaphor is
 that God would not give us two books that con-
tradict each other. Of course, it is possible for a
 human being to write two books that are incon-
sistent in the areas where they treat the same
 subject. By contrast, the Christian view is that God
 is a God of truth and order, not error and con-
fusion. As he ultimately is the author of both books,
 we expect consistency in those areas where they
 overlap. Any perceived conflicts, then, must be due
 to our interpretations of the Scriptures or nature.
 However, many science-and-Christianity dis-
cussions from the late nineteenth century forward
 assume that these conflicts somehow arise be-
tween biblical and scientific   statements. This is a
 very prevalent way of casting conflicts in young-
Earth-creationist as well as atheist literature, but it
 is deeply misguided. It ignores that humans never
 have direct, uninterpreted access to either the
 Bible or nature. We are always dealing with inter-
pretation of these two books, and we must ask
 about the propriety, quality, and rigor of those in-
terpretations when adjudicating possible conflicts.
 It is impossible for there to be a conflict be-
tween some kind of uninterpreted biblical text and
 scientific statements. We always read the Bible, as
 we do any other text, with a host of background
 knowledge shaping our engagement with it, such
 as the common-sense presuppositions (§ .) or a
 causal-material understanding of creation (chap. 
 ). In particular, we always already have some 
 theological framework that mediates our reading
 of the Scriptures. In turn, as we read the Bible
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 through that framework, our theological frame
 gets reworked and further articulated. Our the-
ology shapes our interpretation of Scripture, while
 our interpretation of Scripture shapes our theology.
 Even our translation work and exegesis always in-
volve interpretations that are shaped by back-
ground knowledge in the form of philosophical
  and theological assumptions. 
 It is similar for scientists. Interpretation is in-
volved in our theoretical, empirical, and analysis
 practices as well as in our understanding of what
 the results of those activities are and their upshot
 for our explanations of nature. Consequently, con-
flicts between the book of Scripture and the book
 of nature arise in the   interpretations   of those books.
 If we take seriously our human interpretive prac-
tices and the idea that God is ultimate author of
 both books, then we will not misframe science-
Christianity conflicts as arising between “what
 Scripture says” and “what science says.”
 This still does not tell us   how   to relate our under-
standings of the two books, though. To get started
 on that, we describe two broad approaches that one
 sees in science-religion discussions. The first is
 called   concordism. This is an interpretive framework
 that presupposes biblical texts and scientific state-
ments are correlated, that biblical texts have scien-
tific import or that we should expect to find close
 parallels between biblical texts and scientific state-
ments. One implication of concordism is that there
 must be some form of science or scientific implica-
tions in biblical texts. It follows that these implica-
tions should be taken seriously if we are to have a
 full scientific understanding of creation.
 There are four important points to make about
 concordist readings of the Bible. First, concordist
 readings of Scripture only became possible in the
 modern era (§ ..) with its understandings of
 historical   and   literal   and its analytical, rationalistic
  55 
 See Leonard Greenspoon, “Hebrew into Greek: Interpretation
 in, by, and of the Septuagint,” in Hauser and Watson,   History of
  Biblical Interpretation, :-. 
 tools as the means to verify the veracity of the text,
 so concordist readings are relatively recent devel-
opments in terms of biblical hermeneutics. Second,
 much is made of “face value” or “plain-sense”
 readings of biblical texts, such as Genesis , in
 some circles. Nevertheless, concordist readings do
 not take biblical texts at face value. They actually
 seek a scientific interpretation of biblical texts, an
 interpretation that would be utterly foreign to the
 original authors and audience of the texts.   Truth
 be told, our face-value or plain-sense readings of
 biblical texts are already engaged in interpreting
 and attributing meanings to the language of bib-
lical passages. The real question is whether our
 interpretations have plausibility and are ac-
countable to the texts. Modern science read back
 into biblical texts does not have plausibility when
 the ancient historical context is taken into account.
 Third, and related, although claiming to treat the
 Bible's meanings as authoritative, concordist
 readings actually privilege some form of scientific
 harmony over any other meanings. This puts
 science in the driver's seat as an interpretive
 framework rather than the texts. The Bible's
 meaning lies in the texts in their original context,
 not in the context of modern science (chap. ). 
 Genesis originally was a message to a people who
 needed their identity in God reconstructed after
 four hundred years in Egyptian slavery. Science
 lessons would have been entirely unhelpful for that
  divine purpose. 
 Finally, by demanding correlations or implica-
tions between biblical and scientific claims, we play
 on scientism's turf by requiring that somehow all
 things must be “scientific” to count (§ ..). Indeed,
 there is an inordinate preoccupation with “being
 scientific” in concordist approaches, including
 reading science into the biblical text. Many de-
fenders of concordism, whether young- or old-Earth
  56 
 See chaps.  and  for discussion and examples. 
  57 
 The dating of Genesis as part of the OT canon postexile serves
 a similar purpose, to restore an identity to a people who had
 spent seventy years in exile in a foreign land.
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 varieties, explicitly or implicitly assume that the sci-
ences have authority that can and should actually be
 read into the special revelation of the biblical texts.
 This ought to be quite troubling to Christians given
 how much these readings partake of Enlightenment
 assumptions and standards.   Indeed, the reasons
 for pursuing concordist readings linking the sci-
ences and Scripture actually have more to do with
 changes in Western ideals about what counts as
 knowledge and various apologetics concerns that
 arose in response to those changing ideals in the
 modern era than anything else.   While maintaining
 that biblical authority is their highest value, con-
cordists end up unwittingly undercutting this value
 by granting ultimate authority to the scientific and
 in turn their concordist interpretations, rather than
 being accountable to the biblical text. Scientific con-
cerns dominate over theological meaning, a kind of
 top-down hermeneutic approach to reading—the
 biblical texts have to square with the scientific rather
 than letting the texts speak for themselves in their
  own historical-cultural context. 
 The second broad approach to the book of
 Scripture is   nonconcordism. This is an interpretive
  58 
 Sometimes it is claimed that concordist readings of the Bible
 have been the standard interpretations of the texts in Christian-
ity's history with few exceptions. Such claims greatly oversim-
plify the history of biblical interpretation (§   ..). For instance,
 Bouteneff points out that, with regard to Gen –, in the Chris-
tian thinkers of the first four centuries “we do not find a univo-
cal reading or a single method (which might confound those
 who would impose a single fixed framework on these narra-
tives). We do, however, find a consistent and coherent pattern
 of reading, whose theological character is considerably different
 from the modern mainstream” (Beginnings, ix-x). For these
 pastor-theologians, datable timeframes—whether six thousand
 years or . billion years—had   no significance. Age issues had
 no theological bearing; what counted was Christ the Creator-
Redeemer, his incarnation, passion and death, resurrection,
 and the redemption he accomplished. Concordism genuinely is
 a thoroughly modern approach to biblical hermeneutics incor-
porating Enlightenment standards for historicity and literalness
 as well as modern notions of rationality.
  59 
 For an account of those changes and concerns, see Turner,
 Without God, Without Creed. Ironically, the same modernist
 principles and standards that young-Earth creationists critique
 are invoked as the means to “prove” the truth of their claims on
 behalf of biblical texts.
 framework where no correlations or parallels be-
tween biblical texts and scientific statements are
 required. In short, there are no expectations for
 biblical texts to have clear scientific implications.
 To take a nonconcordist approach does not imply
 spiritualizing or allegorizing biblical texts. That
 would be to evade the concrete realities the texts
 address. Rather, nonconcordist approaches seek
 to take these texts on their own terms in context
 to understand the realities they address (e.g.,
 §
 .). Hence, we need to understand what the
 human authors were saying in their contexts be-
cause this is what the Holy Spirit inspired and
 where the authority of the text is vested (§ .). The
 context of the author of Genesis , the genre he is
 using, and so forth, are important to the determi-
nation of his meaning in the text because these are
 part of the Spirit's inspiration and the means by
 which the intended message of God was commu-
nicated. Likewise, if the psalmist's commentary in
 Psalm  or John's (Jn :-) or Paul's (Col :-)
 discussions extend our understanding of Genesis ,
 then those extended understandings are taken se-
riously because the psalmist, John, and Paul are all
 inspired by the Spirit to write authoritatively. Our
 interpretations of these texts, however, are neither
 inspired nor authoritative, so nonconcordist inter-
pretations still have to be sifted against the texts
  and their contexts. 
 This is how nonconcordist readings of Scripture
 take biblical texts as authoritative, by focusing on
 what the original author and audience would have
 understood those texts to mean. The sciences do not
 set the agenda for biblical interpretation in noncon-
cordist approaches; rather, the texts and their con-
texts set the interpretive agenda. Nonconcordist ap-
proaches avoid conflating biblical claims with
 scientific claims, giving just due to both kinds of
 claims in their proper context as well as bringing rea-
sonable expectations to both. Biblical authority is the
 highest value informing nonconcordist attempts to
 understand the texts in their original contexts.
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 Of course, both concordist and nonconcordist
 approaches aim to honor biblical authority, even if
 concordist approaches ultimately end up under-
cutting that aim. Yet, in evangelical circles and
 atheist writings, it seems that concordist readings
 are the most popular for dealing with science-and-
theology issues. This would come as a surprise to
 early Christian pastor-theologians, as their ap-
proach to biblical interpretation was distinctly non-
concordist. They read the creation narratives as
 Holy Scripture and therefore as “true.” But they did
 not see them as lessons in history or science as such,
 even as they reveled in the overlaps they observed
 between the scriptural narrative and the observable
 world. Generally speaking, the church founders
 were free from a slavish deference to science. Rather,
 their theological and paraenetic approach to the
 creation narratives left them free to enjoy an un-
 prejudiced scientific inquisitiveness. 
 By the time of the seventeenth century, one can
 see concordist readings competing with noncon-
 cordist readings. 
  60 
  Bouteneff, Beginnings, . 
  61 
 For example, see Howell,   God's Two Books.
 Consider Genesis –: and the Hebrew word
 yom. Although “a day of the week” is the most
 natural way to understand the meaning of   yom,
 this interpretation is insufficient to fix the text as a
 scientific or historical text for the same reason that
 the numerous references to God's “hand” in the OT
 do not imply that God has a physical body and in-
teracts with creation through physical hands. Con-
cordists and nonconcordists tend to agree on bib-
lical references to God's hand but disagree on the
 implications of “day” in Genesis precisely because
 concordists already have a prior commitment to
 seeing Genesis as addressing scientific issues.
 What establishes the kind of text and its implica-
tions is the context of author and original audience,
 and the way biblical authors treat the texts, not
  prior scientific commitments. 
  4.4. BIBLE-FIRST VERSUS 
  SCIENCE-FIRST APPROACHES 
  TO GOD'S TWO BOOKS 
 One way to frame the perceived tensions between
 Christianity and science is in terms of Bible-first
 versus science-first approaches to understanding
 Going Further: Concordism Versus Historicity
 Concordism is strictly a thesis about the relationship between scientific statements and biblical texts. Nonetheless, it is com-
mon for concordism to be confused with historicity of texts. Whether a biblical text is giving some kind of historical report is
 one issue. Whether a biblical text is making scientific claims or holds implications for such claims is a separate issue. Luke's
 writings would be a good example of this distinction. His Gospel gives an account of Jesus' life and ministry, while Acts gives
 an account of the early church and Paul's missionary work. Luke is clearly giving a form of historical account according to the
 standards for his day. But notice that nowhere does Luke present himself as making or implying any scientific claims.
 Formally, concordism can maintain that a text has implications for scientific understandings without maintaining
 that the text is historical. This is similar to most contemporary science textbooks, which focus on scientific claims and
 leave history to the side. Old-Earth concordist readings of Genesis , such as day-age interpretations (§ ..), are in-
stances where biblical claims are correlated with scientific claims while the text is not considered to be a historical re-
port. In contrast, young-Earth concordist readings treat Genesis  as a historical text conforming to modern standards,
 fusing concordist and historical interpretation. In contrast, many nonconcordist approaches to Genesis  see it as theo-
logical history, affirming God as the sovereign Creator of all. Yet, due to genre and other differences, these latter ap-
proaches treat this text as neither a modern historical account nor as containing any implications for scientific claims.
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 Scripture and nature. In a Bible-first approach,
 Scripture is privileged over scientific inquiry, so
 scientific views must be derived from biblical texts
 to be relevant. In a science-first approach, the
 methods of scientific inquiry are privileged over
 Scripture, so biblical interpretation must be based
 on scientific inquiry to be relevant. Too often,
 Christians and non-Christians seem to think the
 key question (or point of conflict) is: Should we
 take a Bible-first or science-first approach to how
 we relate God's two books?   If we rephrase this
 question, it brings out its false nature: Do we priv-
ilege creation revelation or special revelation in
 learning about God's creation?
 Clearly there is something wrong with this way
 of framing the relationship between God's two
 books, as if one of them should somehow su-
persede the other.   For one thing, this framing
 presupposes concordism—Scripture must have
 some kind of scientific upshot. Otherwise there is
 no reason for thinking that we have to choose be-
tween privileging biblical claims or scientific
 claims regarding nature. As noted earlier, this de-
values the original authors' intentions and what
 the original audience would have understood the
 meanings of these texts to be. A second problem is
 that a Bible-first approach devalues the meaning-
fulness of creation revelation. It does not treat cre-
ation as revelatory for informing our thinking
 about creation (e.g., when Christians deny the
 universe's witness that it is about . billion years
 old by imposing an age for creation derived from a
 particular interpretation of Gen –). Conversely,
 a science-first approach devalues the meaning-
  62 
 Compare with   §   ..
  63 
 One reason for framing a question regarding the order for
 privileging the two books is a worry about natural theology. If
 we look to creation for our knowledge of God we can, as has
 happened often historically, develop a distorted image of God.
 When it comes to knowledge of God, it is important to take
 God's self-revelation in Christ and privilege the witness of the
 Bible as the primary authority. In contrast, when it comes to
 knowledge of creation, these kinds of questions about privileg-
 ing are problematic. 
 fulness of special revelation for our thinking about
 creation. All too often, a science-first approach
 falls into scientism (§ .), where the only genuine
 knowledge that counts is what scientific methods
  can deliver. 
 What we are really talking about is how to relate
 special and creation revelation. Simply privileging
 one over the other without taking seriously the dif-
ferent properties and purposes of these sources of
 revelation can easily be too crude. After all, we do
 not privilege what we can learn from a book about
 the history of World War II over a physics textbook
 on fluid dynamics when we are trying to under-
stand fluid flow. Instead, we would look to learn
 from the fluid-dynamics textbook about the nature
 of fluid flow and its applications. From the history
 of World War II, we could learn about all the ways
 fluid flow was relevant to the course of the war. The
 two books treat very different domains of
 knowledge and have very different purposes. But
 they can be put into useful conversation with each
 other, affording us the opportunity to learn more
 than we could by focusing on one at the expense of
  the other. 
 It is similar for God's two books. We want to put
 the knowledge we gain from them into useful con-
versation with each other so they are mutually in-
forming us. From special revelation we discover
 that everything in nature is made through the Son
 (e.g., Jn :-; Col :). We do not discover this
 from scientific investigation. Indeed, scientific in-
vestigation can bracket the divine origin of all
 things in its focus on the processes at work in the
 creation. It is in bringing special and creation rev-
elation together that we understand scientists are
 studying   God's creation   and illuminating how God
 regularly works in nature through its functional
  integrity (§ ..). 
 Think of relating the two books and their inter-
pretation as conversation partners in a rela-
tionship. As with any relationship (say, between
 business partners or husband and wife), such a
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 conversational relationship can be carried out well
 or poorly. There can be quarrels and reconcilia-
tions, mutual help and enjoyment, and so forth.
 What we really want to do is engage both of God's
 books when seeking to understand the creation
 and learn as much as we can from the totality of
 revelation. If God is the ultimate author of both
 books, then we have to take both as authoritative
 while having different focuses.
  4.5. MODELS FOR RELATING OUR 
  READINGS OF GOD'S TWO BOOKS 
 This leads us to a discussion of models for relating
 our understandings of the books of Scripture and
 nature. We will discuss three families of models
 that we think capture most of the approaches for
 relating the readings of God's two books.   Keep
 these models in mind as you make your way
 through this book, but first a word about the idea
 of a model for relating God's two books.
 Such a model is not the whole or exhaustive
 truth about the relationship but is a framework
 that captures some partial truth about that rela-
tionship. A model is informed by particular pur-
poses and hence provides orientation for our in-
terpretive practices. Moreover, a model may mask
 or distort important truths, or it may open a
 window onto or illuminate important truths, de-
pending on the assumptions and purposes that
 shape the model. Hence, no model for relating the
 books of Scripture and nature is perfect, but we
 can make some judgments about which families
 of models offer better or worse ways of making
 sense of the reconciliation of Christianity and
 science in Christ (Col :).
 ... Concordance models.   First is the   concordance
 family of models. As the name suggests, concor-
dance models seek concord between Christianity
 and science. Think of a jigsaw puzzle. According to
  64 
 This discussion draws on Charles E. Hummel,   The Galileo Con-
nection: Resolving Conflicts Between Science and the Bible
 (Downers Grove, IL: InterVarsity Press, ), -.
 concordance models, biblical and scientific claims
 both contribute pieces to the same puzzle.
 An example of a concordance model would be
 six-day, young-Earth creationism (YEC), based on a
 particular interpretation of Genesis . On this
 reading, the order of events in Genesis  reflects the
 actual sequence of creation events. In addition,
 Genesis – implies an age of roughly six thousand
 to ten thousand years for the Earth. “True science,”
 as it were, would reflect YEC claims, so that both
 biblical and scientific statements contribute pieces to
 this same puzzle. A second example would be a day-
age interpretive framework, where geological ages
 are correlated with the various days in Genesis . By
 identifying the geological ages with different cre-
ation days, the sequence of creative events in
 Genesis  can be related to an old-Earth-creationism
 (OEC) framework. The Earth is roughly . billion
 years old, while the organisms remain specially
 created by God (though not necessarily in one
 burst of activity). Again, biblical and scientific
 statements are contributing pieces to a jigsaw
 puzzle, though this is a different puzzle from YEC's.
 A perceived strength of concordance models is
 that proponents take them to embody a high view
 of Scripture. After all, concordance models largely
 seem to accord a role for the Bible to contribute—
 sometimes substantially—to our understanding of
 nature.   Nevertheless, as we saw with concordism
 in general (§ .), valuing seeking such concord
 with science actually displaces biblical authority
 (hence why this is only a perceived strength).
  65 
 It is not uncommon to find discussions of   conflict models for
 relating religion and science; however, conflict models presup-
pose concordance. Conflict models are really members of the
 concordance family, though an extreme set of such models.
 Examples would be cases where the biblical statements are in-
terpreted as getting everything wrong about nature, so the Bible
 is dismissed. Or cases where the biblical statements “get it right
 about nature” but all scientific statements are wrong, so the sci-
ences are dismissed. For conflict models, one has to choose one
 or the other, either the Bible or science, as having the correct
 pieces to the jigsaw puzzle. These represent extreme versions of
 Bible-first or science-first approaches (§   ..).
  66 
 The exceptions would be conflict models where the Bible is dis-
missed as being wrong in its claims about nature.
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 The central failing of concordance models is that
 instead of recognizing the Bible as an ancient book
 articulating wisdom and the work of God's re-
demption, it treats Scripture as if it were a science
 text. This is why you see proponents interpreting
 Hebrew terms in Genesis , say, as matching or im-
plying scientific concepts. Examples would be   min,
 translated as “kind,” taken to mean biological
 species, genus, or other relevant biological classifi-
cations, or   yom, translated as “day,” taken to corre-
spond with geological ages. Modern biological con-
cepts or geological ages would have been
 nonsensical to the biblical authors or the original
 audience. Galileo illustrated the distinction be-
tween a book of redemption and a science book
 with a quote he attributed to Cardinal Baronius:
 “That the intention of the Holy Ghost is to teach us
 how one goes to heaven, not how heaven goes.”
 This is one example of how concordance models
 actually undercut the very biblical authority their
 proponents honestly seek to honor.
 A second problem with concordance models, as
 we have already seen, is that they locate the rela-
tionship or reconciliation as being between the
 Bible (or biblical texts) and scientific theories—for
 instance, juxtaposing supposed biblical claims for
 a recent creation against Big Bang cosmology's es-
timate of a .-billion-year-old universe. Biblical
 claims tend to be treated as “plain sense” or “face
 value” readings of the early Genesis chapters. In
 actuality, concordist interpretations of these texts
 presuppose a wealth of background knowledge
 (e.g., a material-causal view of nature, contem-
porary scientific concepts). These are not plain-
sense, face-value readings of these texts. Concor-
dance models depend on a wealth of unexamined
 philosophical, theological, and scientific assump-
  67 
  Galileo Galilei, 
 “Letter to the Grand Duchess Christina of Tus-
cany, ,” Internet Modern History Sourcebook, accessed
 August , , http://legacy.fordham.edu/halsall/mod 
  /galileo-tuscany.asp. The typical English mistranslation has 
 come down to us as “The Bible was written to show us how to
 go to heaven, not how the heavens go.”
 tions that are imported into the readings of the
  biblical texts. 
 A third problem for concordance models is
 the harmonization problem. Table .  gives the 
 order of events in the first Genesis account of
 creation (Gen :–:), the second Genesis ac-
count (Gen :-), and then our modern science
 account, assuming, as concordism does, that the
 Genesis texts are supposed to be causal-material
  accounts of creation. 
 Looking at this table, you can see that there are
 three different orders for when events happen (e.g.,
 when plants, sea animals, land animal, and humans
 appear).   Concordance models have to produce
 some form of harmonization among these three dif-
ferent accounts if they are treating biblical texts and
 scientific statements as contributing pieces to the
 same jigsaw puzzle. This is not an easy task, as one
 can see from examining books and articles devoted
 to it. More seriously, this project does not take the
 inspiration of the varying interpretations that bib-
lical authors have of creation events seriously,
 meaning the biblical authority of these texts and
 their messages about God are minimized.
 Finally, there is what we call the straitjacket
 problem. Suppose you start with the Scriptures,
 as YEC does. Then anything that the sciences are
 going to contribute to the jigsaw puzzle has to
 conform to this particular interpretation of
 Genesis . Conversely, suppose you start with our
 contemporar y scientific view, as a day-age
 model might do. Then whatever Genesis  is
 going to contribute to the jigsaw puzzle has to
 conform to what geology has currently estab-
lished. You can recognize these as the Bible-first
 and science-first approaches. The particular cor-
respondence or correlation between the Genesis
  68 
 For discussion of this assumption, see chap. . 
  69 
 Allusions to and discussions of creation in Psalms, Job, and
 Isaiah also vary in their recounting and interpreting of creation
 from the table, as well as varying among themselves. Biblical
 authors were not as concerned to get the order right as we are.
 To think they were is already to attribute our modern scientific
 concerns and question to them.
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 and scientific accounts must be forced into one
 or the other straitjacket.
 ... Two-realms models.   Second is the   two-realms
 family of models. In this family, the book of
 Scripture and the book of nature are completely
 separate, addressing distinct realms having no re-
lationship. To continue the puzzle metaphor, the
 religious realm and the scientific realm represent
 different puzzles with distinct pieces. The two do
 not have pieces to each other's puzzles. The sci-
ences are engaged in unraveling the mysteries of
 nature, while theology is engaged in unraveling the
 mysteries of the religious realm. Science's realm
 deals with empirical matters, how things work, the
 laws of nature, and the like. In contrast, religion's
 realm deals with divine matters, morality, ethics,
 metaphysics, theology, and the like.
 A National Academy of Sciences statement
 from  illustrates a two-realms model very well:
 “Religion and science are separate and mutually
 exclusive realms of human thought.”   Although
 dated, this is the crispest, clearest statement of a
 two-realms view you will find. Another example is
 Steven J. Gould's famous nonoverlapping magis-
teria. Interestingly, deism is a two-realms model,
 separating God's initial act of creation from any
 ongoing processes in creation. Ethics and morality
  70 
 Committee on Science and Creationism, National Academy of
 Sciences,   Science and Creationism: A View from the National
 Academy of Sciences   (Washington, DC: National Academy
 Press, ), . The NAS, along with other national bodies, re-
vised its view in  with a much more nuanced discussion of
 science and religion. See National Research Council,   Science,
 Evolution, and Creationism   (Washington, DC: National Acade-
 mies Press, ). 
 Table ..   Side-by-side comparison of the order of events in the first and second creation accounts in Genesis and contemporary scientific accounts.
 Ga = billion years ago; Ma = million years ago; ka = thousand years ago.
  Genesis 1:1–2:3 
 Heavens, earth, waters (Gen 1:1-2)
  Genesis 2:4-25 
  Modern Science 
 Laws, energy, matter, space, time (13.8 Ga)
  Light (Gen 1:3) 
  Stars (13.5 Ga) 
  Sky (Gen 1:6-8) 
  Sun (4.6 Ga) 
 Dry land (Gen 1:9-10)
 Dry land, rivers (Gen 2:5-6)
 Moon, Earth, dry land (4.6 Ga)
 Seed-bearing plants (Gen 1:11-12)
  Oceans (4–4.4 Ga) 
 Fruit-bearing trees (Gen 1:11-12)
  Adam (Gen 2:7) 
 Single-celled life (ca. 3.8 Ga)
 Sun, Moon, stars (Gen 1:14-17)
 Multicellular life (600–800 Ma)
 Sea creatures (Gen 1:20-21)
  Plants (Gen 2:8-9) 
 Various sea creatures and early fish (ca. 540 Ma)
 Non-seed-bearing plants on dry land (ca. 470 Ma)
 Land animals (Gen 2:19)
 Insects (ca. 400 Ma)
 Land animals (ca. 390 Ma)
 Seed-bearing plants (370 Ma)
  Dinosaurs (210 Ma) 
  Mammals (180 Ma) 
  Birds (Gen 1:20-21) 
  Birds (Gen 2:19) 
 Birds (about 150 Ma)
 Land animals (Gen 1:24-25)
 Fruit-bearing plants (130 Ma)
 Men and women (Gen 1:26-27)
  Eve (Gen 2:21-22) 
 Humans (ca. 200 ka)
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 are in the realm of religion, while the study of cre-
ation is left to the sciences.
 One of the perceived strengths of two-realms
 models is that they are tidy, with a clean separation
 between the scientific and religious realms. An-
other supposed strength of such models is that
 they appear to preserve religion from scientific
 challenge. After all, if these are two mutually ex-
clusive realms, whatever goes on in the sciences
 does not affect religion at all, and vice versa.
 Indeed, Immanuel Kant (–) seemed to
 think carving out a safe haven for religion was a
 strength for two-realms approaches.
 But these perceived strengths come at great cost
 when one sees how problematic two-realms
 models are. First, this clear separation of realms
 means that “religion is denied all theoretical ex-
pression other than that involved in value
 judgment, and that science is denied the wide and
 absolute perspectives of religion.”   The two
 realms are hermetically sealed off from each other;
 hence, science can make no value judgments, as
 these lie in the religious realm. Religion, in turn,
 can have no effect on science whatsoever. The two
 realms can neither criticize each other nor help
 each other. The separation is artificially clean.
 The second problem follows directly from this:
 the supposed tidy separation between the two
 realms actually is not tidy at all. Values are always
 at work in the sciences, and this is not a bad thing
 (§ ..). Moreover, modern science was deeply
 shaped by its theological origins.   Indeed, the
 history of science has demonstrated a very long
 and often fruitful engagement between the sci-
  71 
 Note: While deism is a two-realms model, not all two-realms
 models are deistic. For example, Immanuel Kant's two-realms
 view is not deistic since, as Christopher McCammon argues
 persuasively, he was not a deist. See McCammon's “Overcoming
 Deism: Hope Incarnate in Kant's Rational Religion,” in   Kant and
 the New Philosophy of Religion, ed. Chris L. Firestone and Ste-
phen R. Palmquist (Bloomington: Indiana University Press,
  ), -. 
  72 
  Henry Stob, 
  Theological Reflections 
  (Grand Rapids: Eerdmans, 
  ), . 
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 Bishop, “God and Methodological Naturalism.”
 ences and religion, stretching back to ancient
 Egypt. In the actual world no such hermetic seal
 exists between science and religion.
 Third, two-realms models are theologically
 problematic. On a Christian view, God's sovereignty
 extends over all of creation, no exceptions.
 Moreover, such models are inconsistent with a com-
prehensive doctrine of creation and the rich ways
 in which the Trinity's action is mediated in creation.
 For these reasons, Christians typically reject
  two-realms models. 
 ... Partial-views models.   Many Christians are at-
tracted to concordance models, while many scien-
tists prefer two-realms models. The latter are non-
concordist in approach. Fortunately, we do not
 have to limit ourselves to these two families.
 Partial-realms models   form a third family. Here we
 set the jigsaw-puzzle metaphor aside because the
 key idea of these models is that theology and
 science—the mediated revelation of God's two
 books—are two windows on a multifaceted reality.
 Consider the two maps in figure .  as an il- 
lustration. The first is a soil and moisture map
 of the continental United States, while the
 second is a geothermal energy map. Both of
 these maps reveal some very interesting infor-
mation. Now, suppose we asked you which of
 these two maps is the correct map of the United
 States. You recognize immediately that this is a
 trick question. Obviously, they each give us
 some partial view about the continental United
 States' natural resources. There is no right or
 wrong map here. By using both of these maps,
 we get more information about the natural re-
sources of the United States as well as some un-
derstanding of the challenges facing man-
agement of these resources.   Furthermore,
 privileging one over the other makes no sense
 unless we are asking questions specifically rel-
evant to one map or the other.
  74 
 All three aspects of scientific inquiry—theoretical, empirical,
 and analysis—were involved in producing these maps.
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 Partial-realms models are analogous to these
 two maps. We get different insight from the book of
 Scripture and the book of creation, giving us a fuller
 understanding of God's creation. There are no
 straitjackets on these models, nor are there any im-
penetrable boundaries. Instead we can fruitfully
 bring different perspectives and forms of knowledge
 to bear on our understanding of nature. There is
 some overlap between theology and science, yet we
 can allow for different aims of inquiry. The pur-
poses of scientific and theological inquiry typically
 are different, asking different kinds of questions,
 even if both are exploring creation. The freedom
 each form of inquiry has to explore creation in dif-
ferent ways yields a fuller understanding than we
 can achieve by limiting ourselves to one or the other,
 or trying to override one with the other.
 Recall the relationship analogy introduced
 above. As a husband and wife learn about and
 from each other, they can develop as persons,
 playing important roles in each other's growth.
 Similarly, a strength of partial-views models is that
 science and theology can learn about and from
 each other, contributing to each other's growth.
 The two fields can cooperate and talk with each
 other, aiding each other, while also following their
  own developmental paths. 
  75 
 There is a widespread myth that theology is stagnant, but the
 history of theology is a history of development. For instance,
 see Colin Gunton,   The Triune Creator: A Historical and System-
atic Study   (Grand Rapids: Eerdmans, ).
 There are relative weaknesses of partial-views
 models. Certainly, the relationship between the
 understandings we gain from the two books is
 messy compared with the other two families of
 models (e.g., the puzzle image no longer works).
 But then, the actual world is a messy, complex
 thing. Why should we expect the relationship be-
tween theology and science to be simple? And of
 course, there is always a danger that someone
 might opt for spiritualizing biblical texts or looking
 for metaphorical interpretations too quickly in the
 face of scientific knowledge. This would be letting
 science have too much influence in the relationship.
 In a letter to the Right Reverend C. J. Ellicott, DD,
 lord bishop of Gloucester and Bristol, James Clerk
 Maxwell (–), a Christian and physicist,
 captured this problem of undue influence:
 But I should be very sorry if an interpretation
 founded on a most conjectural scientific hy-
pothesis were to get fastened to the text in
 Genesis, even if by so doing it got rid of the old
 statement of the commentators which has long
 ceased to be intelligible. The rate of change of
 scientific hypothesis is naturally much more
 rapid than that of Biblical interpretations, so
 that if an interpretation is founded on such an
 hypothesis, it may help to keep the hypothesis
 above ground long after it ought to be buried
  and forgotten. 
  76 
  James Clerk Maxwell, 
 The Life of James Clerk Maxwell: With a
 Selection from His Correspondence and Occasional Writings and
 Figure ..   Soil moisture and geothermal energy maps of the continental United States.
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 On the one hand, Maxwell warns against using
 scientific hypotheses to drive the interpretation
 of a biblical text. On the other hand, he warns
 against this connection to the Bible possibly
 keeping a failed scientific hypothesis alive. The
 danger of undue influence always lurks in any
 close relationship between two people. Working
 out appropriate balances is an ongoing part of any
 healthy relationship. Theology and the sciences
  are no different. 
  4.6. DIFFERENT BOOKS, 
  DIFFERENT QUESTIONS 
 Using partial-views models for relating God's two
 books fits well with the long-standing Christian
 idea that creation revelation and special revelation
 have different purposes and largely address dif-
ferent questions. Scientific inquiry traditionally
 focuses on questions about physical properties (e.g.,
 What is the mass of the Sun? What is its surface
 temperature?), about physical behavior (e.g., What
 physical processes are responsible for maintaining
 the surface temperature of the Sun?), and about
 formative history (e.g., What processes contributed
 to the formation of the Sun?). These are the kinds
 of scientific questions you have grown up seeing
 asked and answered by scientists. And clearly ques-
tions about properties, behaviors, and formative
 history in nature are interesting and important.
 Yet notice that these quintessential scientific
 questions do not make up all the reasonable ques-
tions that we can or should intelligibly ask about
 creation. By answering scientific questions, do we
 get answers to what is the meaning of the Sun? Do
 we discover what role the Sun plays in God's work
 of redemption? No, we cannot even begin to ad-
a Sketch of His Contributions to Science, ed. Lewis Campbell
 (London: Macmillan, ), . The context for Maxwell's
 statement is the problem of Gen  describing light before the
  Sun is created. 
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 Robert C. Bishop, “Evolution, Myths and Reconciliation: Part
 ,” BioLogos, May , , https://biologos.org/blogs/guest 
  /evolution-myths-and-reconciliation-part-.
 dress such questions using scientific methods.
 We cannot get at the value and meaning of things
 that contribute to understanding creation more
 fully. After all, the Sun is an average star by all sci-
entific lights. But we need more than answers to
 scientific questions if we are to understand what
 purposes the Sun fulfills in God's creation. We
 really need both windows—scientific and theo-
logical—to understand God's world more fully and
 our place in it.
 This situation points to a fundamental limi-
tation that we already met in chapter three: scien- 
tific methods have the power to reveal remarkable
 things about God's creation, but they also have
 significant limits. For instance, scientific methods
 cannot be used to demonstrate the truth of the
 common-sense presuppositions lying at their
 foundation. Modern scientific methods were de-
signed to study material reality, to illuminate the
 properties and processes of a physical creation
 made by God. Because all things are created
 through the Son and energized by the Spirit, the
 physical processes of nature are worthy of study,
 and this is why scientific method-evidence links
 were designed in the first place. Natural-science
 inquiry has always been a self-limiting form of in-
quiry. From the second half of the nineteenth
 century forward, many people have forgotten
 about this self-limitation to the material aspects of
 the creation. Instead, they have inverted this limi-
tation into a metaphysical view of reality as being
 only material. Nevertheless, there is no scientific
 support for such an inverted, metaphysical view.
  4.7. CONTEXTUAL VERSUS 
  LOGICAL NEGATION 
 There may be a lingering worry in your mind: Is it
 possible scientists will miss something by re-
stricting themselves to questions about material
  78 
 It is true that from the overly narrow view of scientism, such
 questions appear nonsensical or meaningless. This is why sci-
entism is an enemy of Christianity (as well as philosophy, poetry,
 history, and much else), while scientific investigation is not.
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 reality? There are several pieces to fully answer this
 question. The first piece is to acknowledge that, yes,
 if we never looked beyond material reality, we
 would miss all kinds of important things that make
 life meaningful and are true about material and
 nonmaterial reality. If we were to assume that ma-
terial reality is all there is and that knowledge is
 only what the sciences can produce, then we would
 be firmly entrenched in metaphysical naturalism
 and scientism. Scientific methods can never dem-
onstrate the truth of such worldviews, nor do sci-
entific methods depend on such worldviews.   The
 self-limiting restriction of scientific methods to
 material reality implies that whole hosts of ques-
tions about the world require other ways of
 knowing for their answers. In particular, to under-
stand the properties and processes that scientists
 study in context   as creation—that which is made
 by and will be consummated in the triune God—
  requires theological inquiry. 
 A second piece to addressing this question is
 that scientific methods are designed to ask and
 answer only specific kinds of questions. The two-
books metaphor is one way of distinguishing the
 purposes of scientific inquiry from theological in-
quiry, and of organizing the different kinds of
 questions these two forms of inquiry pursue. It is
 not that scientists might miss something by re-
stricting themselves to the kinds of questions they
 ask and the methods they use to seek answers.
 Rather, consistent with partial-views models and
 the two-books metaphor, scientists are only
 seeking part of the total truth that there is about
 the creation for particular, limited purposes. To
 think of scientific inquiry as somehow responsible
 for or attempting to seek all the truth there is
 would be to fall into scientism.
 This self-imposed limit to focus on material re-
ality and ask particular questions about its prop-
erties and processes is also related to the power
  79 
  Hugh Gauch, 
 Scientific Method in Brief   (Cambridge: Cambridge
 University Press, ), -, -.
 scientific inquiry has to explore nature. True, there
 are lots of larger questions that the sciences cannot
 answer (though they can contribute meaningfully
 to these larger questions). But this self-limitation
 enables scientific inquiry to deliver a wealth of
 knowledge about the material world because of its
 singular focus and the methods it adopts. While
 this self-limitation prevents the sciences from set-
tling worldview issues by itself, it enables scientific
 inquiry to discover knowledge that all worldviews
 endorsing the common-sense presuppositions can
 share (§ .). This is a significant power the sci-
ences have, yet this power exists because of scien-
tific inquiry's laser-like focus on the properties and
 processes of the material world.
 Often this limited focus of scientific methods is
 referred to as   methodological naturalism. This is a
 methodological approach tied to the book of nature
 and the appropriate ways of reading it (§ ..). Sci-
entists restrict themselves to the purpose of under-
standing the kinds of processes and laws there are
 in nature and how these work. Sometimes Chris-
tians worry or complain about such “narrow” focus,
 perhaps mistakenly thinking that it implies Chris-
tianity is false or that God is being left out of the
 picture. However, the focus on understanding na-
ture's processes and laws in no way implies that God
 does not exist or that the Trinity is not active in
 nature. Instead, this scientific focus is motivated
 theologically by the need to take the creation on its
 own terms   to understand what God has made and
 how it works. According to the doctrine of creation,
 nature has its own contingent rationality, charac-
terized by its functional integrity (§ ..). Scien-
tific methods are means for exploring and under-
standing that integrity as part of the Creator/creature
 distinction.   Scientific investigation is aimed at
  80 
 Historically, this is the original understanding of methodologi-
cal naturalism (although the term did not exist until the twen-
tieth century). Toward the end of the nineteenth century this
 restriction on the purposes of scientific investigation became
 confused with metaphysical naturalism, the metaphysical thesis
 that there is no God or spiritual realm. See Bishop, “God and
 Methodological Naturalism.” Example of such confusion can be
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 understanding natural phenomena—the properties
 and processes of God's creation; hence, scientists ask
 specific kinds of questions and give answers appro-
priately, appealing to creation revelation.
 A third piece of the answer to whether scientists
 are missing something requires examining scien-
tific practice. Suppose you are conducting an ex-
periment in which you want to determine whether
 there is a cookie in the cookie jar. You ask a friend
 to hide the cookie jar behind a screen so that you
 cannot see what is going on. She opens the jar and
 flips a coin. If the coin lands heads, she puts a
 cookie in the jar; if the coin lands tails, she hides
 the cookie somewhere else. She then closes the jar
 and removes the screen. Your job is to determine
 whether there is a cookie in the jar once your
 friend has completed this process. This is our ex-
 perimental setup. 
 To conduct this experiment, all the common-
sense presuppositions discussed in chapter three 
 are in play. You are dealing with a real cookie jar
 and cookie. Reason and sense experience are basi-
cally reliable. There is a truth to the matter of
 whether there is a cookie in the jar. And so forth.
 Furthermore, given this setup, there are two mu-
tually exclusive hypotheses that exhaust all the
 contextually relevant possibilities for the outcome
  of the experiment: 
 H: There is a cookie in the jar.
 H: There is no cookie in the jar.
 They are mutually exclusive because they share
 all the same presuppositions, and the truth of
 one implies the other is false. Scientists typically
 found in Phillip E. Johnson,   Reason in the Balance: The Case
 Against Naturalism in Science, Law and Education   (Downers
 Grove, IL: InterVarsity Press, ); William A. Dembski,   Intel-
ligent Design: The Bridge Between Science and Theology   (Down-
ers Grove, IL: InterVarsity Press, ).
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 The situation with social and behavioral inquiry is quite differ-
ent. Attempts to give methodologically naturalistic answers run
 into serious problems when studying persons. See Bishop,   Phi-
losophy of the Social Sciences; Robert C. Bishop, “What Is This
 Naturalism Stuff All About?,”   Journal of Theoretical and Philo-
sophical Psychology    (): -.
 formulate mutually exclusive and jointly ex-
haustive hypotheses when pursuing scientific
 inquiry. You can make an observation to de-
termine which hypothesis is confirmed by
 opening the jar and looking inside. But notice
 that this observational procedure presupposes
 that seeing the cookie in the jar implies it exists.
 So, if seeing the cookie implies it exists, and you
 see the cookie in the jar, then there is a cookie in
 the jar, and you have confirmed H.
 As simple as this cookie-in-jar experiment
 sounds, it illustrates the basics of more complex
 kinds of experiments scientists perform and report
 in the literature.   The presuppositions relevant
 for the experiment are in place. Although scientists
 typically do not list the common-sense presupposi-
tions in their scientific papers, they are always in
 play. Additionally, you have presupposed that
 seeing an object implies its existence. What counts
 as relevant evidence also is defined. The presup-
positions underlying the experimental setup and
 the set of possible hypotheses together delineate
 what evidence counts for this experiment. Finally,
 there is an appropriate logical connection between
 the evidence (seeing a cookie in the jar) and the
 conclusion (H), in this case a deductive form of
 inference (modus ponens, to be precise).
 This illustrates that the presuppositions and the
 questions to be asked, as well as how they are to be
 answered, are linked in a   context. The line of in-
quiry represents a context that fixes what the
 meaningful or appropriate questions are. This in
 turn constrains the possible appropriate answers to
 these questions. In our example, the presupposi-
tions that cookies and cookie jars exist, that seeing
 a cookie is a sign of its existence, that cookie jars
 can hold cookies, and so on, are related to the
 question being asked (Is there a cookie in the jar?).
  82 
 Again, notice that neither the experimental setup nor any of
 these conclusions are possible without the common-sense
  presuppositions. 
  83 
 For more discussion, see Gauch,   Scientific Method in Practice,
  chap. . 
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 The context limits the possible hypotheses that
 form a mutually exclusive and jointly exhaustive
  set for investigation. 
 With this as background, suppose you perform
 the experiment. You open the cookie jar, look
 inside, and see that there is no cookie there. The
 reasonable explanation is that the coin flip turned
 up tails and your friend hid the cookie somewhere
 else. After all, there are only two contextually rel-
evant possibilities as expressed in the hypotheses
 H and H, and you have good evidence that H is
 false. But is it not possible that the coin flip turned
 up heads and that your friend placed the cookie
 inside the jar? Then maybe the reason there is no
 cookie in the jar is that God made the cookie dis-
appear. This question leads us to the heart of the
 matter because it captures a sense in which one
 might worry that scientists can miss something by
 proceeding with the limited methods they use.
 Let's return to our two hypotheses. These are mu-
tually exclusive and jointly exhaustive. The reason is
 that the two hypotheses represent a   contextual ne-
gation   of each other. What this means is that the two
 hypotheses share the same set of presuppositions
 that form the context for the line of inquiry of the
 experiment. The only negation is the contents of the
 alternative hypothesis. They share the presupposi-
tions that cookies and cookie jars exist, that cookies
 can inhabit cookie jars, that seeing a cookie is evi-
dence for its existence, that coin flips can determine
 whether there is a cookie in the jar, and so forth. But
 they negate each other's principal claim regarding
 whether there is a cookie in the jar.
 Now consider a third hypothesis:
 H: It is not the case that there is a cookie in the
 jar because God made it disappear.
 This hypothesis is similar to the following
  hypotheses: 
 H: It is not the case that there is a cookie in the
 jar because flying green space monkeys from
 Mars stole the cookie.
 H: It is not the case that there is a cookie in the
 jar because the cookie spontaneously evaporated.
 H: It is not the case that there is a cookie in
 the jar because cookies are figments of the
  imagination. 
 H: It is not the case that there is a cookie in the
 jar because you are a hibernating bear dreaming
 you are a human observing a cookie jar.
 An infinite number of alternative hypotheses such
 as these exist. What do they all have in common,
 and what sets them apart from H and H? These
 other alternative hypotheses are all   logical nega-
tions. A logical negation of a hypothesis is the com-
plete opposite of that hypothesis without regard for
 the context of the original hypothesis. Notice that
 none of the alternative hypotheses retain the same
 set of presuppositions and line of inquiry—the
 context—of H and H. And there are an infinite
 number of these logical negations.
 Scientists   do not   chase logical negations in their
 scientific work, for reasons similar to why in or-
dinary life we do not seriously consider such nega-
tions. You can think of the number of contextual—
 physically relevant—possibilities for the
 cookie-in-jar experiment as being analogous to the
 size of the period at the end of this sentence. In
 contrast, the number of logical possibilities is anal-
ogous to the size of the universe.   As another
 analogy, think of the comparison between human
 beings as finite creatures (representing physical
 possibility) and God, who is infinite (representing
  logical possibility). 
 Neither scientists nor we in our everyday lives
 can afford to chase the endless possibilities pro-
vided by logical negations, given limited resources
 and the sheer irrelevance of logical possibilities.
 Instead, scientists focus on what is contextually
 relevant when trying to understand or explain
  84 
 This is a loose analogy, of course, aimed at giving some sense for
 how restricted physical, contextually relevant possibility is com-
pared with logical possibility. The universe would have to be in-
finite in size to more closely match the “size” of logical possibility.
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 something. To open the door to logical possibility
 actually destroys scientific inquiry because its
 methods are designed to study physical possibil-
ities. We have no scientific methods for studying
 logical possibility; that is the provenance of philo-
sophical and other forms of inquiry. To switch
 logical possibility for physical possibility is to
 confuse scientific with philosophical and other
 forms of inquiry. This is another way of seeing the
 limitations of methodological naturalism:   it is the
 self-restriction of scientific investigation to physi-
cally contextually relevant possibilities.
 There is a very good theological reason for con-
sidering only contextually relevant negations when
 engaging in scientific inquiry. As we saw in chapter 
  three, a comprehensive doctrine of creation under- 
writes our common-sense presuppositions. Fur-
thermore, the doctrine of creation both grounds the
 value of creation's functional integrity and motivates
 our coming to understand that functional integrity
 on its own terms as something created for and
 valued by God. This excludes H because the context
 of scientific inquiry is   to understand how nature op-
erates, not what God can do.   Moreover, notice that
 restricting ourselves to the context shared by H and
 H in no way implies that God does not exist or that
 the Trinity is not active in the experiment. Such im-
plications follow only if one also assumes some
 form of metaphysical naturalism.
 Recalling the discussion in section ., God's
 loving faithfulness toward the creation in sus-
taining and working through nature's functional
 integrity licenses scientists to seek to understand
 that functional integrity and invoke it in scientific
 explanations for events in nature. Moreover, as
 Charles Hodge pointed out, to abandon scientific
 methods based on their self-imposed limitations—
 methodological naturalism—and insert God into
 our explanations reveals a weakness on the part of
 Christians: “It is the weakness of our faith in the
 infallibility of the Scriptures, which makes us
 afraid of science, or unwilling that scientific men
 should pursue their investigations according to
 their own methods. If we firmly believe that the
 Bible cannot err, we should be satisfied that the
 well authenticated facts of science can never con-
 tradict its teachings.” 
 Therefore, we should not worry that scientists
 may miss something by focusing on specific ways
 of coming to understand nature and its prop-
erties—ways of reading God's book of creation.
 Instead, we should see scientific inquiry as pur-
suing particular limited lines of inquiry for specifi-
cally limited purposes—namely, to understand
 creation's functional integrity on its own terms to
 the best of scientists' abilities (“treating something
 as it genuinely is on an appropriate basis of thought
 and experience,” § .). When we do this, we not
 only affirm that the sciences have appropriate
 limits, but we also can rejoice over what they are
 able to reveal to us about God's creation through
 creation revelation. Furthermore, we acknowledge
 that there is more going on in the creation than
 scientific methods can discover: the work of the
 triune God to consummate creation in the new
 creation in the Son through the Spirit to the praise
 of the Father (chap. ). 
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  COSMIC ORIGINS: 
  GENESIS 1:1–2:4 
  THIS CHAPTER COVERS: 
 Understanding ancient origins accounts
 Discussion of each of the seven days of creation
 Study of the terminology of the creation
  account 
 Discussion of what creation accomplishes
 The significance of God's presence
 The significance of the days of creation
 In these studies we will be exploring the interface
 between Genesis, the ANE world, and the world of
 modern science. We do not use the ANE or modern
 science to tell us what the Bible must say. We may
 get some ideas about the Bible from the ANE, but
 we do not impose thinking from the ANE on the
 Bible; after all, in many instances God's revelation
 is intended to help the Israelites think differently
 from their neighbors (usually in theological ways).
 However, once we find something in the Bible that
 exhibits a way of thinking that differs from our
 modern inclinations, we will be interested to see
 whether there is correlated thinking in the rest of
  the ancient world. 
 We want to know how people in the ancient
 world thought because the OT is a document from
 the ancient world, written to people in the ancient
 world. Their cognitive environment is not going to
 be like ours and is not going to be intuitive to us.
 We can access their cognitive environment only
 through the literature they left behind, though.
 These texts have been unearthed by archaeologists,
 the languages have been deciphered, and the liter-
ature has been translated and analyzed over the last
  years. Though the literature is vast (e.g., over
 one million cuneiform texts), we will never recover
 every aspect of their thinking. Nevertheless, these
 remnants of ancient culture are sufficient for us to
 recognize some of the key differences between how
 they thought and how we think.
 Some people might object that we should not be
 bothering with pagan mythology when we read the
 Bible. Of course, though, the Babylonians did not
 consider their literature to be pagan mythology.
 Their mythology represented the deepest reality
 that they knew, and consequently it was truth to
 them. Through that mythology, we can recover
 some of their perspectives. The Israelites would
 have shared some of those perspectives even
 though God nurtured them away from others. As
 interpreters, we will use some kind of cognitive
 framework as we seek to understand the Bible, and
 it is more faithful to the text if we use an ancient
 one rather than our own. After all, Israelite
 thinking resembled that of the ancient Egyptians
 and Babylonians far more than it resembles ours.
 When we consider modern science, we must
 also be clear on our methods. Modern scientific
 ideas cannot dictate how we should interpret the
 Bible, but they can lead us to reexamine texts that
 may seem to contradict what scientific findings
 suggest (§§ ., ., .). Still, we always need to
 be careful to let the Bible speak for itself. We may
 be prompted to a reevaluation of our interpreta-
tions by either the sciences or ANE literature, and
 we will always be interested in how our exegesis
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 relates to both the sciences and the ANE. However,
 all the while, proper hermeneutics, exegesis, and
 theology must be maintained (see chaps. -). 
  5.1. WHAT SORT OF ORIGINS 
  ACCOUNT IS THIS? 
 As modern readers, we are predisposed to think of
 origins in particular ways. We assume that an or-
igins account will offer an explanation for the ma-
terial origins of the universe, the Earth, and people.
 After all, this is what our modern scientific theories
 of origins do. Since we understand creation as an
 act that transitions something from being “nonex-
istent” to being “existent,” our thoughts focus on
 that which is material because we generally think
 of existence as a material category. We are so
 deeply inclined in this direction that we rarely con-
sider that there might be other options. But there
 are   other possibilities, so we should leave this
 question open until we consider what clues Genesis
 offers us as to what ancient Israelites meant by ex-
istence and what sort of origins account they un-
derstood this to be.
 We cannot start with the theological question
 “What did God create?” That is an easy one: he
 created everything; whatever exists, exists through
 divine creative activity (chap. ). The theology is 
 already settled (both in our minds and in the
 minds of the Israelites). What we need to ask is a
 literary question: “What part of the creation story
 is this account telling?” To answer that we need to
 look carefully at the text and think about what it
 would have communicated to its Israelite audience.
 From that exercise, we will derive its authoritative
 claims. Our procedure will be to examine () the
 nature of what is created on each day in Genesis ,
 () the terminology that is used for the creative
 activity, and () the starting point and ending
 point (the “before” and “after” descriptions) to de-
 termine what happened. 
 ... Day-by-day examination.   When asked what was
 created on day one, it is common for people to re-
spond “light.” It is true that the account of the day
 starts with God calling forth light, but the end
 result is “day” and “night.” We could therefore just
 as easily consider that on day one God created day
 and night. The key to our interpretation then is
 found in the relationship between   light   and   day. In
 Genesis : we read that “God called the light
 ‘day'”—an odd statement. One is inclined to ask,
 “Why didn't he call the light . . . ‘light'?” Since the
 report ends with the naming of day and night, we
 must consider them primary. We can easily see
 that it is not light according to modern physics that
 God named “day.” For an ancient Israelite, it would
 have been clear that God named the   period of light
 “day.” Furthermore, in Genesis : it is not light ac-
cording to modern physics, because light and
 darkness are being separated—again, easily un-
derstood as a period of light distinguished from a
 period of darkness. This line of logic leads us to the
 conclusion that in Genesis : God calls a period of
 light into the darkness that had existed in Genesis
 :, sets up alternating periods of light and
 darkness, and names them “day” and “night.”
 When we ask what God created on day one, we
 would then have to conclude that God created day
 and night. We might say, then, that on day one,
 God created time. Time is not an object, and it is
 not material. Neither are light and dark. So the cre-
ative act in day one does not produce an object. In
 fact, in the ancient world, naming is the act of cre-
ation that would have been seen here. Instead of
 creating an object, when God creates time, he is
 creating order. Time is related to how our world
 functions, not to its material components. It per-
tains to how it works, not to what it is made of.
 Examination of ancient literature outside the Bible
 confirms that this is also the standard focus of
 other creation accounts in the ancient world. They
 were more inclined to think of creation in terms of
 their gods ordering the cosmos and bringing it
 under their control than in terms of the origins of
  the material objects. 
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 Do the other days follow suit? On day two God
 makes a   raqia‘   to separate the waters above and the
 waters below. The earliest English translations
 commonly translated   raqia‘   as “firmament” be-
cause when those translations were done, it was
 still believed that there was a solid sky, and the
 raqia‘   was believed to be that solid sky. More re-
cently, the Hebrew word is translated “vault” (NIV,
 ESV; interestingly, the ESV also has “canopy” in its
 note). Few doubt that ancient Israelites believed
 that there was a solid sky. Everyone in the ANE
 world believed that such a solid canopy held back
 waters above. Questions continue, however, con-
cerning whether the Hebrew word   raqia‘   is the
 word for that solid sky. The other possibility is that
 the Hebrew word   shehaqim   (Job :; Prov :)
 refers to the solid sky, and the   raqia‘   refers to the
 bubble of living space created when the waters
 above were separated from the waters below.
 Support for the latter is found when Genesis :
 places the lights   in   the   raqia‘.
 Does God create any objects on day two? If the
 raqia‘   is the living space, it is not an object from an
 Israelite perspective (our understanding of hy-
drogen or oxygen molecules would not count). If
 the   raqia‘   is the solid canopy, the Israelites may
 well have considered it an object. However, we
 know that no such object actually exists, so that
 view would present more problems for those trying
 to view the account in modern terms.
 What is most important about the   raqia‘,
 however, is that conceptually it represents another
 way that God establishes order in a functioning
 physical cosmos. The solid sky that creates the living
 space for humanity serves as one of the components
 of the weather system, primarily by regulating the
 rain. The space that is set up forms the environment
 in which we live. Our environment, including
 weather, represents one of the principal functions of
 human life in the cosmos, just as time does.
 1
  J. Walton, 
 Genesis  as Ancient Cosmology   (Winona Lake, IN:
  Eisenbrauns, ), -. 
 On day three we note that even though dry land
 and plants are indeed objects of which God is the
 Creator, the text does not recount God making
 them. The dry land appears and in turn produces
 sprouting plants. Again, the focus of the text is not
 on the origins of the objects (i.e., material origins)
 but on setting up order in the cosmos so that it will
 function for human beings.   On day three, the
 focus is on the operations that result in food.
 The result of the study of the first three days is
 that they relate the establishing of the three major
 functions that support human existence: () alter-
nation of day and night/time, () environment/
 weather, and () fecundity/food. Such ordering of
 the cosmos is preparatory for humans being put in
 place as the pinnacle of creation as well as its
 focus.   This understanding of the text views its
 claims primarily as pertaining to who has ordered
 the cosmos and for whom has it been ordered
 more than offering a material focus. In the ANE
 people were similarly interested in who had
 ordered the cosmos (their gods). The biblical view,
 then, is similar to the ANE view in that the focus is
 on ordering more than on making objects, though
 the Israelites also believed as we do that God made
 the material cosmos. However, the Bible offers a
 different source for the ordering of the cosmos:
 Yahweh, the God of Israel. We realize, then, that the
 ancient texts are not asking the same questions
 that we ask; they are not interested in the same
 things that we are interested in. We should not be
 surprised that the origins story they tell is not the
 one that we thought it was, nor the one we would
 choose if it were ours to tell. Yet the story they tell
 can have meaning to any people in any culture,
 time, or place, while our own material account
 would be meaningless in most cultural contexts.
 2
 Here and in most uses throughout this chapter, we are using
 cosmos   to refer to the ancient understanding of the world and its
 systems, not to the wide universe in our modern understanding.
 3
 This does not mean to deny that creation also functions to min-
ister to all creatures (§   ..) but only indicates that there is a
 particular overriding focus in Gen  that is in view.
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 Days four, five, and six take a different turn as
 they begin to discuss the most important function-
aries in the cosmos that God is ordering. Since these
 days concern functionaries, we might anticipate that
 the creation of objects would be more in view. But
 there are some surprises here. We need to suspend
 our conclusions until we can do our analysis.
 Day four deals with the Sun, Moon, and stars.
 Interpreters have long noted that day four par-
allels day one, as days five and six will parallel
 days two and three, respectively. We find in the
 account of these days that there is still a great in-
terest in how these functionaries   function—the
 text is interested in the roles they play in the or-
dered system, particularly the roles they serve for
 humans, rather than describing them in terms of
  physics or biology. 
 Did the Israelite audience consider the verses
 about the Sun, Moon, and stars to pertain to the
 making of objects? Evidence suggests not. Let's
 begin with the Moon.   We   think of the Moon as an
 object made of rock. It is over three hundred
 thousand miles away in orbit around the Earth as
 it reflects the light of the Sun. But no one in the
 ANE, including Israelites, knew any of that infor-
mation. If they did not have that material view of
 the Moon, what material view did they have? Given
 our current state of information (which is ex-
tensive), there is no evidence to suggest that they
 had any material view of the Moon—they did not
 think of it as an   object. Israel's neighbors thought
 of it as a god. Israel considered it a light.
 Consequently, the Israelite audience did not
 consider day four to offer an account of the cre-
ation of material objects. They called the heavenly
 bodies lights, part of the cosmos God ordered, and
 they identified their functions for human beings
 (signs, celebrations, days and years, to give light,
 and to govern). These lights are part of the cosmos
 God has ordered to function for human existence.
 The Israelites could not have considered this an ac-
count of the origins of material objects if they did
 not consider the Sun, Moon, and stars as objects.
 As to the stars, in Mesopotamia people believed
 that the stars were engraved on the underside of
 the solid sky. There is a little evidence that the Isra-
elites shared that view. But they certainly did not
 consider them suns that were just farther away. We
 can say that God knew that and knew that Israel
 did not need those details, but that is not the point.
 We need to know what kind of literature the Isra-
elites offer in Genesis. Remember that God's au-
thority was vested in the ancient author and is tied
 to ancient authors' understanding (§§ .., ..).
 Though it is true that some of the statements in the
 Genesis account can make sense to us in our
 modern, material world, here we are not interested
 in truths that can be compatible with the Bible; the
 authoritative claims of the text interest us. If we are
 going to decide whether the Bible makes claims
 that contradict the claims of science, we have to
 focus our attention on the actual claims.
 The air and sea creatures of day five are clearly
 objects no less in the Israelite mind than in ours,
 but the text reports that God simply says that the
 waters should teem with these creatures and that
 winged creatures should fly. It adds that they will
 be fruitful and multiply. These all address their role
 and function in the ordered cosmos rather than
 reporting the origin of their material substance. So
 five days into the seven-day creation account, the
 making of material objects remains elusive and is
 certainly not the focus. This makes it very difficult
 to conclude that Genesis  offers an account of ma-
terial origins if we read this as an ancient text.
 Day six begins with the decree that the   land
 should produce living creatures (Gen :), and it
 is by that means that God   made   the animals (Gen
 :). Clearly, this is again an ancient way of
 thinking that does not reflect a modern scientific
 4
 In the same way, they could not have considered these origins
 accounts as bypassing natural processes if they had no category
 of “natural.” They believed God to be equally active in what we
 label “natural” as he is in what we label “supernatural.” For more
 discussion, see   §   .. and compare with   §   ...
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 mentality. As discussed in chapter one, the scien- 
tific ideas of the ancient world do not have to be
 validated somehow for the Bible's truthfulness to
 be sustained. The biblical text is not vesting its au-
thority in the explanations of mechanisms by
 which the natural world works; the Bible is not
 giving a new scientific revelation.
 When the discussion turns to humankind, we
 again find that the focus is on organization, roles,
 and functions that bring order to the cosmos:
 humans are in God's image (chaps.   and ); they 
 are blessed with the ability to be fruitful and mul-
tiply; they are given the tasks of subduing and
 ruling. Nevertheless, when we read Genesis : in
 our English translations, we see that God “made”
 humans. This is the same verb used in previous
 verses (Gen :, , ), and it tends to lead us to
 think that this is an account of material origins
 focused on objects. Before we could lean on this
 verb as evidence that materiality is the focus of
 Genesis , we would need to look at the termi-
nology a little more closely.
 We do not mean to say that there is some exis-
tential denial of materiality in Genesis . We are
 simply inquiring into the focus of this particular
 text and the part of the story that it is telling. We
 are not surprised that it is telling the same kind
 of story that was told in cosmologies throughout
 the ANE, yet at the same time it has its own point
 to make. Genesis  deals with the question of
 order and functions, as those accounts do, but it
 avers that it is Yahweh who has ordered the world
 as his kingdom and that therefore he rules it. Fur-
thermore, he has done it for the benefit of people
 and the creation's sake, not for himself. This
 differs from the ANE, where the cosmos was or-
dered for the gods, and people were an after-
thought—slave labor to meet the needs of the
 gods. Consequently, Genesis shares the same per-
spective about the kind of origins story that is
 important, but it differs with regard to its presen-
tation of how the cosmos was designed to work
 and who is in charge. Since neither Genesis nor
 the ANE are inclined to focus on material origins
 of objects, we will eventually need to ask what
 claims the Genesis account   is   making with regard
 to the material cosmos.
 One more comment before we transition: we
 have not yet dealt with day seven. This neglect may
 not necessarily strike the modern reader as un-
usual, for it is common to talk about the   six   days of
 creation when we think of it as an account of ma-
terial origins (this was true even in early Christian
 interpretations). Day seven transparently has
 nothing to do with the material cosmos, so it is
 often treated as some sort of theological add-on.
 This will be addressed later; however, we cannot
 forget about it—it is a vital issue for understanding
 this   seven-day   origins account.
  5.2. TERMINOLOGY: CREATE, 
  MAKE, GOOD, GOD SAID 
  (DECREEING FUNCTIONS) 
 We are going to focus on a few of the key terms
 from Genesis  that affect our subconscious ex-
pectations about the passage. But we are evalu-
ating Hebrew words, and in doing so we realize
 that English translations can only do passable
 justice to the meanings represented in the
  Hebrew vocabulary. 
 ...   Bara   ʾ   (“create”).   Does this word refer to creation
 out of nothing (ex nihilo—no ingredients)? Does it
 refer to only de novo creation (quick and com-
plete—no process)? Does it refer to material ob-
jects being manufactured/produced? Does it imply
 supernatural rather than natural activity? What
 sort of existence does it bring about? Remember,
 we are not inquiring into what God   is capable of
 doing. God created everything (chap. ), however it 
 was made. Instead our questions concern what is
 communicated and claimed by the Israelite author
 who uses this word and how an Israelite audience
 would have understood this word.
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 Though we are not dealing with English, we can
 start with some observations from our English
 usage that will help us understand the method-
ological issues. We can use the verb   create   in a
 variety of situations. We can speak of creating a
 committee or a curriculum; we can create a recipe
 or a masterpiece; we can even create havoc. These
 examples help us to recognize that our under-
standing of the meaning of the verb is largely de-
termined by its direct object. This is the range of
 usage that determines meaning. So also in Hebrew,
 the direct objects of the verb   bara'   can help us de-
termine what sort of verb we are dealing with.
 Observations from the comprehensive listing
 in table . lead us to some important conclu-
sions. First, though passages such as Colossians
 :- and Hebrews : give authority to our
 understanding that God, at some point, created
 out of nothing, that understanding is not carried
 intrinsically in the Hebrew verb   bara'. Israelites
 would not have inferred creation out of nothing
 from the verb   bara', nor would they have thought
 Genesis  was teaching that. The verb does not
 include or imply such a concept. Again, we might
 well claim that the verb is (in some contexts)
 compatible with the truth of ex nihilo creation,
 Table ..   Occurrences of   bara'   in the OT along with the direct objects of this verb.
  Reference 
  Gen 1:1 
  Direct Object 
  Heavens and earth 
  Ex nihilo 
  No Ingredients 
  not indicated 
  De novo 
  No Process 
  not indicated 
  Produced as 
  Material Objects 
  ambiguous 
  Gen 1:21 
 Creatures of the sea
  not indicated 
  not indicated 
  ambiguous 
  Gen 1:27 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Gen 1:27 (2) 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Gen 2:3 
 X
  not indicated 
  not indicated 
  ambiguous 
  Gen 2:4 
  Heavens and earth 
  not indicated 
  not indicated 
  ambiguous 
  Gen 5:1 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Gen 5:2 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Gen 5:2 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Gen 6:7 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Ex 34:10 
  Wonders 
  NA 
  NA 
  not objects 
  Num 16:30 
  Something new (debatable) 
  NA 
  NA 
  not objects 
  Deut 4:32 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Ps 51:10 
  Pure heart 
  NA 
  no 
  no 
  Ps 89:12 
  North and south 
  NA 
  NA 
  not objects 
  Ps 89:47 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Ps 102:18 
 People not yet created
  no 
  no 
  ambiguous 
  Ps 104:30 
  Creatures 
  no 
  no 
  ambiguous 
  Ps 148:5 
  Celestial inhabitants 
  not indicated 
  not indicated 
  ambiguous 
  Eccles 12:1 
  You 
  not indicated 
  not indicated 
  ambiguous 
  Is 4:5 
  Cloud of smoke 
  NA 
  not indicated 
  not objects 
  Is 40:26 
  Starry host 
  not indicated 
  not indicated 
  no 
  Is 40:28 
 Ends of the earth
  NA 
  NA 
  not objects 
  Is 41:20 
 Rivers flowing in desert
  no 
  no 
  no 
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 but the use of the word in Genesis  does not
 claim ex nihilo creation.
 Second, we can see that there is nothing about the
 verb   bara'   that suggests a de novo act.   In many oc-
currences we cannot tell whether process is involved
 or not. In other cases, when the direct object is not
 material, the question of process is not applicable.
 Most importantly, about a dozen examples are clearly
 not de novo acts. These demonstrate that the verb
 bara'   does not, in and of itself, imply de novo activity.
 5
  De novo 
 pertains to the creating activity being quick and com-
plete, with no natural process and no predecessors. It would
 designate a creative activity as having been supernatural in by-
passing natural cause and effect.
 Third, we should inquire what the last column
 of the above chart tells us. The designation for each
 reference in this column remains arguable. Fur-
thermore, nearly half the references are designated
 “ambiguous.” In this column, we are asking the
 question of whether we can determine whether the
 direct object of   bara'   is being discussed as a ma-
terial object qua object (i.e., objectified) or whether
 the statement being made is primarily (only?) in-
terested in the function being performed or the
 role being played. Using one of the English ex-
amples referred to earlier, when we create a com-
mittee (though the people involved   are   material),
 the interest is not in the material existence of the
  Reference 
  Is 42:5 
  Direct Object 
  Heavens 
  Ex nihilo 
  No Ingredients 
  not indicated 
  De novo 
  No Process 
  not indicated 
  Produced as 
  Material Objects 
  ambiguous 
  Is 43:1 
  Jacob 
  no 
  no 
  not objects 
  Is 43:7 
 Everyone called by my name
  no 
  no 
  no 
  Is 43:15 
  Israel 
  no 
  no 
  not objects 
  Is 45:7 
  Darkness 
  NA 
  NA 
  not objects 
  Is 45:7 
  Disaster 
  NA 
  NA 
  not objects 
  Is 45:8 
  Heavens and earth 
  NA 
  NA 
  no 
  Is 45:12 
  People 
  not indicated 
  not indicated 
  ambiguous 
  Is 45:18 
  Heavens 
  not indicated 
  not indicated 
  ambiguous 
  Is 45:18 
  Earth 
  not indicated 
  not indicated 
  no 
  Is 48:7 
 New things, hidden things
  NA 
  NA 
  not objects 
  Is 54:16 
  Blacksmith 
  no 
  no 
  no 
  Is 54:16 
  Destroyer 
  no 
  no 
  no 
  Is 57:19 
  Praise 
  NA 
  NA 
  not objects 
  Is 65:17 
 New heavens and new earth
  not indicated 
  not indicated 
  ambiguous 
  Is 65:18 
 New heavens and new earth
  not indicated 
  not indicated 
  ambiguous 
  Is 65:18 
  Jerusalem 
  NA 
  no 
  no 
  Jer 31:22 
  New thing 
  NA 
  NA 
  not objects 
  Ezek 21:30 
  Ammonites 
  NA 
  NA 
  no 
  Ezek 28:13 
  King of Tyre 
  no 
  no 
  no 
  Ezek 28:15 
  King of Tyre 
  no 
  no 
  no 
  Amos 4:13 
  Wind 
  NA 
  NA 
  not objects 
  Mal 2:10 
  Covenant people 
  no 
  no 
  no 
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 people involved, only in their role on the com-
mittee. In a biblical example, when Isaiah :
 says that God creates rivers in the desert, it is not
 the material water that is being created but the
 result of the waters' effect on the desert. The water
 is not objectified, and God's creative activity here
 does not bring a material object that did not for-
merly exist into existence.
 What kind of evidence would be necessary to
 conclude that the direct object of the verb   bara' is
 objectified as a material creation? A clear example
 would show a modifier that focused on materiality.
 For example, a statement could read, “God created
 the Moon as a rock in space.” Here its material
 composition and location objectify it. If, alterna-
tively, the statement read, “God created the Moon
 to determine the length of months,” the Moon is
 not objectified but is being discussed in reference
 to its designated function.
 In the contexts marked “ambiguous” on the
 chart, it is not clear whether materiality or func-
tionality is intended. What is important is that
 more than half of the contexts clearly do not treat
 objects at all or refer only to an object in its func-
tional role. This demonstrates that the verb   bara'
 does not intrinsically refer to materiality and
 therefore that a material focus cannot be inferred
 simply by the use of the verb. It is even more im-
portant that there is not a single reference that has
 a direct object that is clearly being objectified in
 the context. We could then plausibly conclude that
 the verb   bara'   consistently pertains to roles being
 given and functions being established. No example
 refutes this functional focus, whereas many pas-
sages refute a material understanding of the verb.
 ...   ʿAsah   (“made”).   What does an Israelite listener
 infer when the author or speaker uses this verb
 (Gen :, , , )? This verb is much more
 complex because it is one of the most frequently
 used Hebrew verbs (occurring over , times in
 the Hebrew Bible). When beginning students learn
 this verb, they are told that it means “to do, to
 make.” Our immediate reaction might be that
 doing and making are very different activities. In
 fact, doing pertains to a task or function, whereas
 making refers to a material activity. Indeed, that is
 precisely the issue we are seeking to understand
 about the nature of Genesis .
 One can easily find passages in which   ‘asah   is a
 material activity. However, we need to make sure
 that all of the passages reflect the same intention
 behind the communicator's choice of this word. In
 other words, are all of the contexts of   ʿasah   appli-
cable to the discussions of   ʿasah   in Genesis ?
 Before we examine the statements in Genesis , it
 will be helpful for us to start in Exodus :-.
 There the NIV translates, “Six days you shall labor
 and do [ʿasah] all your work, but the seventh day is
 a sabbath to the Lord   your God. On it you shall not
  do [ʿasah] any work....  For in six days the Lord 
 made [ʿasah] the heavens and the earth, the sea,
 and all that is in them, but he rested on the seventh
 day.” Here the verb   ʿasah   is twice translated “do”
 and once translated “make.” Of course, these
 choices have more to do with English idiom than
 with Hebrew. In English, you do not “make all your
 work,” nor do you “do the heavens and the earth.”
 Ultimately, we are not concerned with English;
 we want to know how to penetrate the Hebrew
 usage. The first step is to recognize that Exodus
 : is specifically referring to Genesis :-: “The
 heavens and the earth were completed and all
 their functionaries. On the seventh day God com-
pleted the work he had done [ʿasah] and on the
 seventh day he ceased all his work he had done
 [ʿasah]. So God blessed the seventh day by giving
 it a sacred identity because on it he ceased all his
 work of creating [baraʾ] that he did [ʿasah].”   Just
 as God ceased the work he had done (Gen ), so
 people were to cease the work they did (Ex ).
 The same verb and the same noun (work) are used.
 What we discover in Genesis  is that God's work
 is specified by the verb   baraʾ. Therefore, God
 6
 Translation by John Walton.
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 “doing his work” refers to God creating the heavens
 and the Earth (Gen :). From this we can con-
clude that the reference to God's work in Exodus
 : refers to doing the work of   bara', which, ac-
cording to our analysis above, pertains to giving
 functions and bringing order to the cosmos. In
 other words, Exodus :- does not make ex-
plicit claims about material origins—it claims
 only as much as   baraʾ   claims. The verb   ‘asah   does
 not claim something different.
 This interpretation is confirmed repeatedly in
 the usage we observe for the verb   ʿasah   throughout
 the OT. As with   baraʾ, the contextual information,
 specifically the direct objects of the verbs, will be
 the determining factor. Again, we find many pas-
sages that are ambiguous; therefore, the nonam-
biguous ones will be most instructive. For instance,
 when a text refers to God as “Maker of heaven and
 earth,” one cannot easily tell what nuance this
 carries. In contrast, when the text refers to God as
 the one who “made constellations” (not the stars but
 the arrangement of the stars; Job :; Amos :) we
 can see clearly that the author has order and orga-
nization in mind rather than material composition.
 So   ʿasah, like   baraʾ, is not intrinsically material, as
 our translation “made” might lead us to infer.
 We cannot do a full study of   ʿasah   here, but some
 other examples will help confirm this assessment.
 For example, God is said to have made (‘asah)
 Moses and Aaron to bring the Israelites out of Egypt
 ( Sam :). God has made the nations (Deut
 :) and makes qualities within people (Job
 :). He makes a feast (Is :) and does (‘asah)
 signs and wonders. In a very intriguing usage, the
 verb   ʿasah   is used to describe God making gar-
ments for Adam and Eve (Gen :), an act that
 presumably involves previously existing materials
 and a process (i.e., neither ex nihilo nor de novo).
 Job :- provides an interesting test case. The
 context contains several uses of   ‘asah   in various
 7
 A more complete yet still limited analysis can be found in Wal-
ton,   Genesis  as Ancient Cosmology, -.
 forms in a discussion about the cosmos. In the
 context, the verb describes God doing what is ap-
propriate for him to do—he is engaged in running
 the cosmos. When God decrees something to be,
 he makes it what it is. This passage, as represen-
tative of many others, demonstrates conclusively
 that the verb   ʿasah   cannot be assumed to signal a
  material process. 
 In light of this, we may now address the di-
lemma of   raqiaʿ   in Genesis :. In light of what we
 have established about   ʿasah, it seems Genesis :
 communicates the creation of the   raqiaʿ   was
 causing it to work in the role that God had de-
signed it for; Genesis : indicates that God made
 the Sun, Moon, and stars work for the functions
 he had designed for them; Genesis : indicates
 that God made the animals serve the purpose that
 he had planned; and Genesis : indicates that
 God intended to make people with a particular
 purpose in mind. None of these objectify that
 which God   ʿasah(s). He “does” these things rather
 than “making” them. That is not good English, but
 that is what the Hebrew says. Not only that, but
 there is no evidence that an Israelite audience
 viewed the   raqiaʿ   (if it is the space in which we live)
 or the Sun, Moon, and stars as material objects.
 We should translate Genesis :, then, “God saw
 all that he had done” rather than “God saw all that
 he had made,” because Genesis  is about God
 doing a variety of activities, but he is not making
 the way we think of “making.”
 So one cannot argue: “The text says God   made
 the heavens and the Earth, and therefore the Bible
 claims a material focus.” In contrast, the text says
 that God   ʿasah(s) the heavens and the Earth, and
 we have done our research to discern what sort of
 claim that is. Semantic analysis does not sustain
 the conclusion that this verb makes a material
 claim. So, for instance, Genesis : indicates that
 God “did the Sun, Moon, and stars.” This means
 that he assigned them their roles in ordered sacred
 space. Theologically, we have no doubt that God is


















[image: ]
  108 
  PART TWO: COSMIC ORIGINS 
 the Maker and Creator in every way. But the
 Genesis text is not addressing the material side of
 God's activity as clearly as many traditional inter-
pretations assume, as those interpretations are
 often driven by our own predisposition to thinking
 materially about the cosmos.
 If we want a verb that captures the sense of the
 Hebrew nuance in English, I would recommend
 prepares. When we prepare something, it is
 usually with a purpose in mind. So too God pre-
pares the constellations, the Sun, Moon, and stars
 and the   raqia‘. Indeed, God prepared the heavens
 and the Earth for his rest (= rule). The important
 point to make at the end of this analysis is that
 though the verb   ʿasah   consistently involves the
 actor in causation, it does not specify what level of
 causation. Interpreters cannot infer that when God
 ʿ
 asah(s) that he is therefore identified as the unme-
diated cause, nor can it be assumed that the ac-
tivity by definition bypasses natural processes. It is
 supernatural no matter what processes or mecha-
nisms God may have used.
 ...   Tov.   Before concluding our study of termi-
nology, there are two more words that require at
 least brief attention. When God declares his cre-
ation to be “good” throughout Genesis , what sort
 of assessment is he offering? We often hear inter-
preters saying, “Since God said that all creation
 was good, there could have been no . . .” Whatever
 one might fill in the blank with, at that point a
 judgment call is being offered. Does the word   good
 imply that there could not have been any pain?
 (Would that mean that there were no nervous
 systems?) No predation? No plant death? No dete-
rioration? Would we have to conclude that there
 was total harmony in nature? That Adam was a
 perfect human specimen, filled with incomprehen-
sible wisdom? That Adam and Eve had a perfect
 relationship, with never a squabble or dis-
agreement? Much can be read into the statement
 that everything was “good,” and such interpreta-
tions can have vast implications both for under-
standing theology and for understanding the ma-
terial world. It is therefore imperative that we
 examine the Hebrew word for “good” (tov).
 This is another complex study because   tov   is a
 common adjective that functions in a wide variety
 of contexts with many identifiable nuances. This
 requires the researcher to be sensitive to con-
textual elements to determine which of the many
 nuances the author or speaker intended to invoke.
 In Genesis , when we are repeatedly told that a
 work of God was good, it would be most in-
structive for our understanding if we could
 compare to something that was not good. The con-
trast would help us determine the direction our
 interpretation should take. Fortunately, it happens
 that the near context does identify something that
 is   not   good: “It is not good for the man to be alone”
 (Gen :). We can immediately see that this does
 not refer to categories such as perfection, wisdom,
 or the lack of pain or predation. It indicates that
 the system is not yet fully functional—a situation
 that can be remedied by providing an ally for
 Adam. This would potentially lead to the con-
clusion that when God designates something as
 good, he is saying that it is ready to function as
 intended. If this is the case, the statement says
 much less than some interpreters have thought,
 and it cannot support many of the inferences that
 have been drawn from it.
 ... Creation by decree.   The final word for our at-
tention in this discussion is the simple reiteration
 throughout the chapter that God “said.” From this
 we see that God's spoken word is the most
 common mechanism of his creative work in this
 passage (compare with § .). Mercifully, we do
 not have to analyze the verb   say   (the most
 common of Hebrew verbs), but we should pause
 to consider what implications it has. First, we
 should note that the mechanism of God's speech
 does not mean that the result is de novo—any
 process, however long or however implemented,
 can be initiated by God's word (§ ..). Second,
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 we find that in ancient cosmologies, the ordering
 of the universe and the control of its functions
 was carried out by divine decree. Gods deter-
mined tasks and roles, and they assigned them by
 decree. In this way, then, Genesis shows a simi-
larity to the ANE once we recognize that the focus
 of the text is functional rather than material. Fur-
thermore, the effective power of God's spoken
 word does not rule out intermediate causes or
 processes extended over long periods of time.
  5.3. BEFORE AND AFTER 
 Any origins account is going to be offering an expla-
nation of a transition between two states. Before the
 creative activity, the subject under discussion did
 not exist. Then something happened, and then the
 subject under discussion existed. There is therefore
 a before and an after. An examination of the rela-
tionship of the before-and-after pictures will allow
 us to deduce the nature of the creative activity in
 the context (cultural or literary). For instance, in
 English when we talk about “creating a committee,”
 what sort of origins do we have in mind? In the
 before picture, the company already exists, the task
 exists (though it may only recently have been de-
vised), and the people exist (they are not people
 created de novo to fill the committee, though they
 may be newly hired for that if the committee is, for
 example, a government task force). In this example
 the creative activity is   appointing   people to the
 committee. It is done by decree, and only after the
 decree has been made does the committee exist. In
 the after picture, then, a committee exists that had
 not existed before. This creative act involves decree,
 organization, and assigned functions. By looking at
 what was nonexistent in the before picture, and
 what then came into existence in the after picture,
 we can understand what sort of origins account that
 would be. We can apply the same logic to under-
 standing Genesis. 
 In Genesis  the before picture is given in
 Genesis :. But before we proceed with that
 analysis, we must consider the role of Genesis :.
 Does that verse report an independent, prelim-
inary act of creation? Based on the information
 given us in the Bible, we have to conclude that it
 does not. Genesis : tells us that the “heavens and
 the earth” were completed in the seven days. This
 is the same “heavens and earth” that are referred to
 in Genesis :, and we therefore have to conclude
 that the heavens and Earth were not created before
 the seven days (as we would have to deduce if Gen
 : were an independent, preliminary creative act).
 Furthermore, Exodus : confirms that the
 heavens and Earth and all in them were created in
 the seven days, therefore ruling out creative work
  in Genesis :. 
 What is the alternative? Even a casual study of
 Genesis will show that the book is structured by
 introductory formulas (such as that seen in Gen
 : and ten other times throughout the book).
 Since the author has this practice of using intro-
ductory formulas, it would be logical to conclude
 that Genesis : is the first of those introductory
 formulas and that it therefore serves the literary
 purpose of indicating what the chapter is going to
 be about. The “beginning” that it speaks of is not
 before the seven days; it   is   the seven days. This is
 confirmed by the fact that the Hebrew word trans-
lated “beginning” in the rest of the OT refers not to
 a point in time but to a period—an initial period.
 Consequently, the beginning that Genesis : refers
 to is the seven days; and in that beginning period,
 the seven days, God created the heavens and the
 Earth. Genesis : offers a literary introduction to
 the seven-day account, and then Genesis : begins
 the story by describing the before picture—what it
 was like before God created the heavens and Earth.
 When reading Genesis :, one immediately
 notices that there are already material players on
 the stage; the Earth and sea are there. Fur-
thermore, the setting is darkness, and the spirit is
 present. If Earth and sea are there, what does the
 author mean when he says that it was “formless
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 and empty”? Before we can answer that question,
 we have to determine whether that is how the
 Hebrew words (tohu wa-bohu) should be trans-
lated. The second word is largely undecipherable
 because it occurs only three times, always with
 tohu. In the two occurrences outside Genesis, it
 seems to refer to exactly the same situation as
 Genesis :. Without much contextual infor-
mation, then, translation is tenuous. We therefore
 focus our attention on   tohu, which occurs about
  twenty times. 
 If   tohu   is properly translated “formless,” it
 would indicate that the raw material was in place
 but it had not yet been shaped into a form.
 Analysis of the twenty occurrences shows, re-
markably, that none of them suggests anything
 about form or its absence.   Instead, the term
 refers to that which is nonproductive, unordered,
 nonfunctional, of no purpose (e.g., see  Sam
 :; Job :; Jer :; Is :; :; :; :).
 If creation brings order (as we have been sug-
gesting), then something that is nonordered has
 not yet been created; it does not exist. In Egyptian
 literature, they talk about the sea and the desert
 as “nonexistent.” Hebrew texts talk about the
 desert as   tohu, and Ugaritic uses the cognate
 term to refer both to the sea and the desert. We
 could thus deduce that   tohu   is at least roughly
 equivalent to the Egyptian “nonexistent” in a
 cognitive environment in which existence was a
 description of order, function, and role rather
 than a material category. This is counterintuitive
 to our modern cognitive environment, in which
 even Christians are inclined to follow the meta-
physics of the Enlightenment, which considers
 material reality to be the ultimate reality. If ma-
terial reality is   not   the ultimate reality, it would
 be reasonable to consider that an origins account
 that is unaffected by the Enlightenment might
 focus on what   is   the ultimate reality rather than
 on material reality. In the ancient world and ar-
 8
 Full analysis is in Walton,   Lost World of Genesis One, -.
 guably in the biblical context, that ultimate re-
 ality is order. 
 In Genesis :, then, the account of creation
 begins with some material already in place (land,
 sea) but describes the cosmos as nonordered, non-
functional. We will later discuss what level of func-
tionality the text is talking about. This in turn sug-
gests that the before picture is not lacking matter
 but rather order. The work of   bara'   is directed
 toward bringing order, and each day addresses the
 functions and functionaries by which order is pro-
duced (rather than objects being brought into ex-
 istence materially). 
 This is the way that people typically thought
 in the ANE, and it is supported by the biblical
 text, as we have shown.   In ANE cosmologies
 there was little interest in the material nature of
 the cosmos. Furthermore, we find that in ANE
 cosmologies it is common to begin with darkness
 and sea as elements of nonorder. We can see,
 then, that God is communicating with the Isra-
elites in terms that were familiar to them in their
 ancient cognitive environment. Ancients viewed
 themselves as living in a phenomenological
 world; moderns view themselves as living in a
 material world. Throughout the ANE concern
 focused on who was in charge. People were in-
clined to think of the cosmos less as a machine
 and more as a kingdom. In Genesis the cosmos
 is shown to be Yahweh's kingdom, and he has or-
ganized it to function for particular purposes.
 The author of Genesis is not interested in how
 something functions materially but in how it
 functions as a kingdom.
 9
 Such thinking can also be found in the classical world before the
 philosophical influences of Plato and Aristotle became wide-
spread. Plutarch (Moralia, “Placita philosophorum” .) reports
 that Anaxagoras of Clazomenae (– BC, the teacher of
 Pericles) held that “In the beginning everything was chaotic; but
 reason (nous) divided and ordered it.” See M. Eugene Boring,
 Klaus Berger, and Carsten Colpe, eds.,   Hellenistic Commentary
 to the New Testament   (Nashville: Abingdon, ). Anaxagoras
 also believed that stars are red-hot stones broken off from the
 Earth, that the flat Earth is held up by air, and that matter could
 not come into existence from nonmatter.
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  5.4. GOD'S KINGDOM IS 
  ESTABLISHED BY MEANS OF HIS 
  PRESENCE, AND HIS PRESENCE 
  CREATES SACRED SPACE 
 Sacred space in the Bible is demarcated by a temple.
 If God is setting up the cosmos as his kingdom, he
 is planning to establish his presence in it, thus
 making it sacred space. With this view, we propose
 that Genesis  is an account of the origins of God's
 kingdom as sacred space. The activities of each day
 are focused on how the cosmos will function for
 the people who are the inhabitants of this kingdom.
 This understanding views the account in temple
 terms, with some parallels to the inauguration of
 the tabernacle or temple as markers of sacred
 space. We can see this connection also in the ANE
 as cosmology accounts are sometimes associated
 with temple-building accounts. Cosmos and
 temple were intrinsically related to each other for
 ANE people. The biblical text does contain hints
 reflecting this understanding of the Genesis ac-
count, especially in the description of day seven.
 Day seven has traditionally seemed an anomaly
 to interpreters. First, readers find it confusing that
 God is resting. What is going on? God does not
 grow weary, need sleep, or desire leisure time.
 What does it mean for God to rest? Second, in their
 inclination to read the seven-day account as per-
taining to material origins, day seven had nothing
 to contribute because it had nothing to do with the
 material cosmos. Consequently, we find people
 talking about the six days of creation.
 In point of fact, however, day seven is the most
 important day of the account theologically, and
 its significance can be strengthened in light of
 ANE concepts. Both theological analysis and
 study of the ancient Near East can shed light on
 what it means for God to rest. The word trans-
lated “rest” in this passage (shabbat) pertains to
 cessation. God ceases from the work that he was
 doing. But this concept does not only concern
  10 
 Compare with   §   ...
 ceasing the ordering work he was doing; it also
 points toward what his new activity would be.
 God not only rests (ceases)   from   his creating; he
 takes up his rest   in   the cosmos (this aspect is
 picked up in the verb used in Ex :). God's rest
 in the cosmos, his new activity, is a way of ex-
pressing his rule over the cosmos.
 In the ancient world, deities rested in temples,
 and temples were built specifically so deities would
 rest in them. This rest was not primarily descriptive
 of relaxation or sleep (though the gods did that in
 the temple as well). More importantly, it expresses
 how the temples served as the control room of the
 cosmic domain in the god's jurisdiction. When
 gods rested in the temple, they assumed rule over
 their ordered cosmic domains from their command
 centers. In the case of Yahweh, his domain is the
 entire cosmos. This rule is intended to bring sta-
bility and smooth functioning to the ordered
 cosmos. This temple ideology is confirmed
 throughout the ANE and is also evident in Israel.
 One may look at Psalm  to see all of these ele-
ments coming together. There we find that God's
 dwelling place, the temple, is his resting place (Ps
 :-; this noun is related to the verb used in Ex
 :). Furthermore, we read that in that resting
 place he will sit enthroned (Ps :). When God
 ceases his work of ordering, he disengages from
 that only to engage in the running of the cosmos.
 The “rest” expresses both ideas (though using dif-
ferent verbs). God's rest has to do with his rule, and
 it results in stability and order. God's rest describes
 his engagement in the rule of the ordered cosmos.
 This idea is further confirmed when we look at
 the biblical theology of rest. When God tells the
 Israelites that he is going to bring them rest from
 their enemies (e.g., Deut :; Josh :-;  Sam
 :), he is not giving them leisure time or sleep. He
 is bringing them stability and order so that they
  11 
  Recall from 
 §
 . that the divine word continues to order and
 sustain the creation, so there is worry that the divinely instituted
 order would disintegrate or diminish once God is “resting.”
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 can live their lives at peace. As a result, they can
 have a little more control in their ordered and
 stable society. We find the same concept in the NT
 when Jesus says, “Come to me, all you who are
 weary and burdened, and I will give you rest” (Mt
 :). This is not relaxation, for Jesus tells them to
 take his yoke upon them, which will result in rest
 for their souls. He is offering them the stability of
 the kingdom of God—a realm of higher order than
 that in which they currently dwell. The same idea
 can be understood in Hebrews , where believers
 enter a new level of rest; a rest remains in the form
 of a new level of experiencing the kingdom of God.
 We can conclude, then, that the opposite of the rest
 God brings is not activity but unrest (see Job :).
 Based on the theology of rest in the Bible and
 the ideology of temples in the ANE, we can see that
 day seven is the most important day in the account.
 Without day seven, the other days do not have
 meaning. God has ordered the cosmos so that it is
 ready to serve as sacred space in which he takes up
 his residence to rule over it, preserving its stability
 and order by his presence.
 A good illustration to help us understand the
 concepts here is to think about the difference be-
tween building a house and making a home—both
 are origins stories, but of different sorts. The house
 is the physical, material structure. The home is
 concerned with how that house functions for its
 inhabitants. The house is constructed with the
 eventual inhabitants in mind. The foundation is
 laid, walls and rooms built, roof put on, and elec-
tricity, plumbing, and ventilation systems installed.
 All of those features work after they have been con-
structed, but they are not used until people move
 in to make that house their home. Then the house
 begins to function for them. It already existed as a
 house, but only after people move in does it begin
 to function as a home. Besides involving the inau-
guration of the functions of the house, making a
 house a home is an act of order and organization.
 Boxes are unpacked, furniture is arranged, and
 cupboards and closets are organized to bring the
 house into existence as a home. The story of the
 origins of the home would be different from the
 story of the origins of the house. Both are im-
portant, but one may be of more interest to an au-
dience than the other. Someone choosing to tell the
 story of the origins of the home may not be con-
cerned with the origins of the house.
 Science is concerned with the house story (if we
 think of the cosmos as the physical, material house
 in which we live). It is helpful for us to understand
 the house story, but the downside is that in the
 house story we find ourselves to be insignificant.
 The house is vast, and we are puny. Science can tell
 us little of the home story.
 In contrast, the Bible is not much interested in
 the house story (though it clearly affirms that God
 is the builder). Genesis, as well as the rest of the
 Bible, is much more interested in the home story.
 Whose home is it? It is God's home, but he has made
 it to function for us, his honored guests and stewards,
 so that it can be our home as well. On the seventh
 day God moves into the home he has prepared and
 begins his rule through his presence. In this way,
 Genesis  is very much like the inauguration of the
 tabernacle or the temple as sacred space.
 When Solomon was preparing the temple, he
 spent seven years building the “house”—the
 physical structure ( Kings :). But at the end of
 those seven years, one could still not say the   temple
 existed. The temple does not exist until the presence
 of God is in it. Then it begins to function as a
 temple—God's home, where he relates to his people.
 In Genesis  God prepares a place for us—a
 place where he intends to dwell and be in rela-
tionship with his people. We see this same prin-
ciple addressed by Jesus in John :- when he
 assures his disciples that he is leaving them to
 prepare a place (a home) for them. He eases their
 anxiety by telling them, “I will come back and take
 you to be with me that you also may be where I am”
 (Jn :). The most important idea of creation, then,
 is that God is preparing a place for us where he can
 be in relationship with us. This idea is picked up in
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 the earliest-known Christian interpretation of
 Genesis , from Theophilus of Antioch, who in a
 second-century AD work called   To Autolycus   says,
 “He wishes to make man so that he might be known
 by him; for him then, he prepared the world. For he
 who is created has needs, but he who is uncreated
 lacks nothing” (.).   In this way Genesis  is a
 theologically rich passage in ways that modern
 readers have largely neglected. It provides a vision
 statement (to be sacred space) and a mission
 statement for the cosmos (ordered for people)
 rather than a manufacturing report.
 The sacred space that God prepared for us in
 which we could be in relationship with him was
 forfeited in Genesis  when people decided they
 wanted to be like God and took steps to make
 themselves the center and source of order. Rela-
tionship was lost as well as access to sacred space.
 The rest of Scripture and history is about how God
 has been working toward restoring that rela-
tionship and sacred space of his presence.
 One of the earliest steps in that process was the
 construction of the tabernacle. We can almost
 imagine Moses on the plains of Sinai talking to the
 elders on the night before the tabernacle was to be
 inaugurated as sacred space. He would have
 wanted to impress on them the gravity of the
 moment. For the first time since the fall, God was
 about to manifest his presence in sacred space and
  12 
 Information from Andrew Louth, “The Fathers in Genesis,” in
 The Book of Genesis: Composition, Reception, and Interpreta-
tion, ed. Craig A. Evans, Joel N. Lohr, and David L. Petersen,
 Vetus Testamentum Supplements  (Leiden: Brill, ), .
 Theophilus, of course, does not interpret Genesis in total har-
mony with the interpretation presented in this chapter—he is
 influenced by Stoics and is arguing against Greek philosophy.
 His reading of the text makes heavy use of symbolic interpreta-
tion; but the chosen quote shows that some of the ideas that we
 see in the text are not new. Similarly to how modern old-Earth
 creationist concordists read the OT to support what they con-
sider the truths of science (§   ..), in early church history the
 Gnostics used the same procedure to find compatible truths
 between Genesis and Gnosticism (Louth, -). We should
 be cautious with the early Christian interpretations of Genesis.
 They were entrenched in arguments against Gnosticism, some-
times engaged in the most speculative allegories and symbol-
ism, and were often imitating Plato, specifically his   Timaeus.
 live among his people. It would be a fitting moment
 for Moses to recount for them how in the be-
ginning God had intended to live among his people
 in sacred space and in fact had made the cosmos
 his home and human beings his guests. It would be
 very appropriate for Moses to tell that story about
 the origins of cosmic sacred space in terms of a
 very special seven-day period during which sacred
 space was created, since as they were about to in-
augurate the tabernacle as sacred space, they were
 going to do so over a seven-day period—a time
 span that is at times associated with temple inau-
gurations in both the Bible and the ANE.
 While we can offer no confirmation that this
 was the exact setting in which Genesis  was ar-
ticulated, it helps us to think of how that creation
 account can serve as a “home story.” If the seven
 days are associated with the inauguration of sacred
 space to make the house into a home (that is, if the
 seven-day account serves as an origins story not
 for the material cosmos but for the functions of
 sacred space), then the seven days has nothing to
 do with the material cosmos. Seven days were used
 in the ANE and the Bible not to build the temple
 (i.e., the house) but to “create” the temple—that is,
 to make the house into God's home.
 So what sort of origins account is Genesis :–
 :? We have seen that the Hebrew words used for
 God's creative activity are often concerned with
 order, organization, and functions. We have also
 seen that the descriptions of each day concern
 order, not objects. We can demonstrate that in the
 ANE the primary way of thinking about cosmology
 and origins was also related to order, organization,
 and function.   We have seen that the theology of
 rest and the theology of temple both lend toward
 interpreting this as a home story rather than as a
 house story. We would therefore propose that the
 answer to the question is that in Genesis :–: we
 have an account of the origins of the cosmos as
  13 
 We do not have the space to demonstrate this here, but a full
 presentation is available in Walton,   Genesis  as Ancient Cosmol-
 ogy, -. 
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 sacred space, functioning on behalf of people that
 God has created in his image and designed as a
 place where he can dwell among them and be in
  relationship with them. 
 If this is the case, the account does not intend
 to tell us about the material origins of the universe.
 The seven days are indeed seven twenty-four hour
 days (the most defensible reading of the Hebrew
 word   yom), but the account is not suggesting that
 those days pertained to God's building of the house
 (creating the material cosmos). Instead they
 pertain to the transition of the house to a home.
 The consequence of this interpretation is that the
 seven days function in parallel to the seven days of
 temple dedication and therefore have no claim to
 make about how long God took to make the
 cosmos. If that is so, the Bible makes no claims
 about the age of the Earth, and we are free to con-
sider what science has to offer.
 It is important to note that this is not a figu-
rative, symbolic, or allegorical interpretation, and
 it does not make a decision based on the question
 of poetry versus prose. It does not treat the passage
 as merely a literary construct or something that is
 just broadly theological. Many who read the bib-
lical text want to interpret it literally. We must re-
alize, however, that literal interpretation cannot be
 satisfied with literal English—it has to pursue what
 the Hebrew text was meant to say. One cannot ap-
proach the text any more literally than to de-
termine as best as we can what the Israelite com-
municator had in mind when he spoke or wrote
 these words. They are words given to that Israelite
 author from God, and what that author believed he
 was saying is the most literal reading we have.
 This requires us to engage the Hebrew text and to
 understand it in its ancient context. Only that will
 result in a serious reading of the text and benefit
 from its authority. If we read it only by our tradi-
tions or our culture, with our agendas in control,
 we are not treating it as God's Word.
  14 
 Compare with   §   ...
 What does the rest of the OT have to say about
 the creation of the cosmos? Most of our infor-
mation will be gleaned from Job, Psalms, and
 Isaiah. It should be noted that while these books
 tend to be highly poetic, we find no substantial dif-
ference between the statements about creation
 found in poetry and those found in prose.
 First of all, we find some general statements
 that concern material creation. God stretches out
 the heavens, spreads out the Earth, and lays the
 foundations of the Earth. These are among the bib-
lical statements that confirm God as the one who
 created the material cosmos. At the same time, we
 should note that these verses say nothing about
 timeframe, processes, or mechanisms. In fact, a
 few passages suggest these are ongoing activities
 (Job :; :; see § .). They also use different
 concepts from Genesis  (e.g., dry land emerges in
 Gen , whereas God spreads out the Earth in Is
 :; :). We do not have to worry about con-
tradictions, but we should be wary of using any of
 these statements to derive scientific understanding
 (§§ .-..). It is also important to recognize that
 even when material statements are made, the
 author often shows that his real interest is in the
 functions (e.g., Job ; Ps ). In other passages,
 only the functions of God's creating are addressed:
 •
 marks horizon on the waters (Job :)
 •
 boundary between light and darkness (Job
  :) 
 •
 rain, lightning, food (Job :-)
 •
 humans given role in home story (Ps :-)
 •
 in wisdom you made all your works (Ps
  :)—indicates purposefulness 
 •
 when God sends his spirit, creatures are
 created (bara'—ongoing, Ps :)
 Second, it is clear that the biblical authors were
 interested in God's rule over creation, thus viewing
 the cosmos in kingdom terms rather than as in-
trinsically material in essence (Ps :; :;
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 :-; :-; Is :). In these ways we can see
 that the remainder of the OT is consistent with
 what we have suggested for Genesis .
 Why is it that this position has not been heard
 of before? Why have others not arrived at these
 conclusions? Is it a newly devised position or a
 newly rediscovered position? What do we find in
 the history of interpretation? Were all the early
 Christian interpreters and the rabbis wrong?
 On one hand, it is not difficult to find early
 Jewish and Christian writers who were interested
 in recovering ideas from the ANE, who thought
 about the cosmos in terms of order and functions,
 and who drew comparisons between the temple
 and the cosmos. For example, the earliest Jewish
 interpretation we have is found in the Wisdom of
 Ben Sira (second century BC). In Wisdom – he
 introduces God's creation by saying, “He arranged
 his works in an eternal order,” and concerning
 those works, “They neither hunger nor grow weary,
 and they do not abandon their tasks” (Wis :).
 The entirety of Wisdom  concerns the creation of
 humanity, with the only comment on materiality
 being that humans return to dust and that all
 people are dust and ashes (Wis :, ). The rest of
 the chapter addresses all the functions God has
  given humans. 
 The earliest Christian interpretation, as we have
 already noted, is found in the comments on Genesis
 by Theophilus of Antioch (second century AD) in
 his work   To Autolycus.   In . he states, “Light is
 the beginning of creation since light reveals the
 things being set in order.” This light is pronounced
 good, “Good, that is to say, for men.”   Here we see
 an interest in order and the idea that “good” has to
 do with how the world functions for people.
 On the other hand, though these earlier inter-
preters show some interests in the same ideas that
 are expressed in the interpretation here, make no
 mistake—they were not giving the same interpre-
  15 
 Louth, “Fathers in Genesis,” -.
  16 
  Louth, . 
 tation that we are giving. We must recognize that
 even the earliest Christian and Jewish interpre-
tation available to us was steeped in Hellenism.
 Like all of us, they were not often able to break free
 of their cognitive environment and often were not
 even trying to do so. They often were more in-
volved in addressing Hellenistic cultural ideas such
 as Stoicism and Gnosticism than reading the texts
 in their ancient contexts, or they were heavily in-
fluenced by Plato (ca. –ca.  BC) and Aris-
totle (– BC). Even their attempts to recover
 the ancient world could only take them back to
 Berossus, a Hellenistic priest in Babylon. Fur-
thermore, their hermeneutics were often not de-
signed to try to recover what the biblical author
 had in mind.   They pursued theological paths that
 involved symbolism, typology, and allegory. Most
 of the earliest Christian writers did not read
 Hebrew, nor did they see the importance of it. We
 should not expect, therefore, that the ways that we
 have interpreted Genesis in recent history will
 show continuity with these early interpretations (
 §
 ..). We could sift through their works and find
 occasional statements about God's creation as ma-
terial cosmos or a literal six days and that the Earth
 was young. We could also sift through and find
 statements that go other directions. The interpre-
tation of the early church is not monolithic. But
 they had particular ways of thinking about these
 questions because they too were influenced by
 their cognitive and philosophical environments. If
 we look at their overall interpretations of Genesis,
 not many of us today would find that we agree with
 them. Their theology is theology that we still agree
 with (whether we are young-Earth, old-Earth, or
 evolutionary creationists); but their exegesis is not
 an authoritative source on which to make our in-
 terpretations depend. 
  17 
  See Michael Graves, 
 The Inspiration and Interpretation of Scrip-
ture: What the Early Church Can Teach Us   (Grand Rapids: Eerd-
mans, ); Peter Bouteneff,   Beginnings: Ancient Christian
 Readings of the Biblical Creation Narratives   (Grand Rapids:
  Baker, ). 
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 Certainly, we have more access to resources to
 understand the ANE world than early interpreters
 did. They used the tools that they had available to
 them, but in many periods people did not even
 have the ability or interest to work with the Hebrew
 texts. When Hebrew was recovered in Christian
 interpretation a little before the Reformation,
 some even resisted because it cast doubt on some
 traditional interpretations and differed at points
 from the Latin Vulgate, which was the accepted
 text at that time. The return to reading the OT in
 Hebrew in the end, though, brought increased un-
derstanding. In the same way, there are over one
 million cuneiform texts recovered by archaeolo-
gists that we can now access. We would be remiss
 not to use these tools as gifts from God to help us
 read his Word more fully in its cultural and cog-
 nitive context. 
 When we attempt to recover the thinking of the
 ANE and in the process perhaps set aside tradi-
tional interpretation, we are not trying to change
 the Bible—we are seeking to regain the original
 intent in the text, which has often been replaced by
 people over time reading the text in light of their
 own cultures and with particular agendas (e.g., the
 early church seeking to find reference to the
 Messiah in every text). Often these changes (such
 as reading with Enlightenment categories and
 ways of thinking) have become traditional inter-
pretations to us today. It then feels uncomfortable
 to think differently, even if it means returning to
 an ancient way of thinking.
 Erasmus faced the same sorts of accusations
 when he tried to reinstate the Greek NT text in
 place of the Vulgate, which had become the tradi-
tional biblical text over a thousand-year period. He
 was trying to restore the original Greek text, but
 his critics complained that he was changing
 Scripture as they had known it.
 Using ANE resources to interpret the Bible does
 not mean imposing ANE thinking on the biblical
 text. Returning to our earlier discussion, neither
 do we impose modern scientific categories on texts
 about God's creation. The text must be seen for
 what it is. Advances in ANE literature and modern
 science can prompt us, though, to look again at the
 text, make sure that we are interpreting well, and
 ask questions we have not asked before. When we
 bring those newly formulated questions and
 hermeneutics to the text and apply rigorous exe-
gesis to our reanalysis, we should not be surprised
 that our efforts can sometimes yield new insights.
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  ELECTROMAGNETIC RADIATION AND 
  THE SCALE OF THE UNIVERSE 
  THIS CHAPTER COVERS: 
 Examples of creation's functional integrity that
 astronomers use to learn about the universe
 Basic properties of light: wave nature, particle
  nature, and motion 
 How electromagnetic radiation transfers
 energy and information through interstellar
  space 
 The electromagnetic spectrum and how the
 Earth's atmosphere affects observations of
  electromagnetic radiation 
 How astronomers determine distances to
  astronomical objects 
 In this part of the book we want to think about the
 origin of the universe, a central topic in cosmology.
 To do that we first need to familiarize ourselves
 with some of the principles and measurement
 techniques astronomers use to make inferences
 about the universe, its composition, size, and age—
 astronomy's method-evidence links. God's uni-
verse is an ordered creation with a number of regu-
larities or persistent patterns expressing the nature
 God has given it. These regularities are examples
 of the functional integrity of creation enabling the
 universe to function as God intends. Moreover,
 these regularities also provide means for astron-
omers to understand the origin of the universe and
 the way it works.
 The history of astronomy and cosmology is fas-
cinating.   Unfortunately, we can only briefly sketch
 1
  John North, 
 Cosmos: An Illustrated History of Astronomy and
 Cosmology   (Chicago: University of Chicago Press, ).
 that history. Although we know from various ar-
tifacts that human beings were fascinated by and
 sought to understand the heavens even in prehis-
toric times, the first detailed records of astro-
nomical observations are found in ancient Egypt.
 Their reasons for observing the heavens are quite
 different from our reasons.   Likewise, their tools
 and techniques were quite different from ours.
 But up to the early twentieth century, we would
 have shared with the ancient Egyptians—and
 every culture in between—the idea that the uni-
verse has always been the same size, neither
 2
 For the ancient Egyptians, the sky was the body of the goddess
 Nut, and the Sun and stars were gods, so when they looked at
 the starry heavens they saw divinity. Consequently, observing
 the heavens was a possible source of knowledge about the will of
  the gods. 
 Figure ..   AHubble space telescope picture of Star Cluster NGC .
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 growing nor shrinking, with no new additions or
 subtractions. For the classical Greeks, the heavens
 were a realm of changeless, eternal perfection. From
 the second century of the church, Christians thought
 the heavens had a finite beginning by contrast.
 Nonetheless, from the establishment of the idea of
 ex nihilo creation into the medieval period down to
 the latter part of the nineteenth century, the rough
 idea was that God had created the universe of fixed
 size with no change or development taking place
 other than what was observed on Earth.
 This picture of a static, unchanging universe
 was overthrown by the first third of the twentieth
 century. As we understand it today, the cosmos is
 a very dynamic place that is so vast and so old it
 boggles the mind. On our way to this contem-
porary picture, as we will see, astronomers and
 cosmologists have had to revise their thinking
 about the universe over and over again as we
 learned new things. This and subsequent chapters
 tell the story of how astronomers made these
  amazing discoveries. 
  6.1. THE WONDERS OF LIGHT 
 Let's start with something seemingly rather
 mundane: light. Of course, light is important to us.
 You need light right now to be able to see this text.
 From televisions, to movies, to computer screens, to
 daily walks, light is something so common to us
 that we normally do not think much about it
 beyond whether we have enough of it or too little.
 For astronomers, however, light is the key to
 learning about the universe. After all, the only
 reason we can see objects in the heavens is that they
 give off some sort of light we can detect. Moreover,
 the stars in figure . are much too far away to ever
 hope of visiting them for up-close investigation.
 Light produced by these stars is astronomers' only
 hope of learning anything about them.
 Astronomy, then, is an   observational science,
 meaning astronomers largely can only look at but
 not touch their objects of study. There are a number
 of science kits that can be given to children to help
 them start figuring out the world around them
 (e.g., geology kits, chemistry kits, rocket kits). Yet
 there are no universe kits where you can put to-
gether a universe, make it run, and see what
 happens. The only universe we have is this one.
 And the only way we have access to it is looking at
 it through the light it sends out. To use language
 from part one of this book, light mediates astron-
omers' knowledge of the universe. Light is reve-
latory (chap. ). 
 ... Light's wave nature.   Light is peculiar because it
 has both wave-like characteristics and particle-like
 characteristics. Hence, light is sometimes de-
scribed as a wave and sometimes as a   photon   (a
 particle of light). We will not get into light's puz-
zling dual nature in any depth. This was a twen-
tieth-century discovery coming out of quantum
 mechanics. Astronomers rely on some of the fea-
tures of light's wave-like and particle-like charac-
teristics to understand what the universe is like.
 We will focus on the wave-like nature of light
 first. A wave is an oscillating or undulating phe-
nomenon exhibiting a characteristic pattern (see
 fig. .). Waves are a fundamental way that energy
 is transferred through space. If you took a rope and
 gave it one shake straight up and down, a hump or
 wave would travel down the rope. If you were to
 give the rope two such shakes in quick succession,
 two waves, resembling figure ., would travel
 down the rope. If you were to give a series of such
 Figure ..   An example of a wave form with its characteristic crests
  and troughs. 
  WAVELENGTH 
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 perfect shakes at regular intervals, a series of crests
 and troughs with a fixed distance between the crest
 peaks would travel down the rope, where the dis-
tance between the crests is related to the frequency
 of your rope shakes. As the waves travel through
 the rope, energy is being transferred through the
 rope. In this case, it is the energy your shakes are
 imparting to the rope.
 The   wavelength   is a consistent pattern mea-
sured from crest to crest or from trough to trough
 (either choice of measurement leads to the same
 value for the length of the wave). All waves are
 characterized by a particular wavelength, usually
 designated by λ, or frequency, often designated by
 f.   The frequency is the number of crests or oscil-
lations per second. These quantities are actually
 inversely related to each other:
 frequency = (wave speed) / (wavelength),
  or, in symbols, 
 f   =   v   / λ,
 where   v   denotes the wave speed. This formula
 represents a persistent pattern true of all waves,
 whether they are sound, water, or electromag-
netic waves. If the wavelength is shorter, then the
 frequency will be higher. Conversely, if the wave-
length is longer, the frequency will be lower. The
 amplitude   of a wave is the strength of the wave
 and can be measured from the height of the
 wave's crest or the depth of its trough (again,
 either measurement choice will lead to the same
 value for the amplitude).
 Light shares all these properties. Unlike water
 waves or the waves you create in a rope, light waves
 do not need some material to carry their oscilla-
tions. Instead, light waves are the oscillations of
 electromagnetic fields in space, and they carry
 3
 The waves you make in a rope die out rather quickly because of
 the resistance of the material. If your rope were ideal (i.e., put
 up no resistance to the waves), the waves you created would
 travel perfectly through the length of the rope, never dying out.
 4
 Sometimes the symbol υ is used to represent frequency.
 energy away from their source. A charged particle,
 such as an electron or proton, produces an electric
 field. When a charged particle is in motion, its
 electric field is also in motion, which produces a
 change to the electric field. The change in the
 electric field caused by the charged particle's
 motion is the disturbance that propagates or ra-
diates away from the moving charged particle as a
 wave. Every time there is a change in an electric
 field, a magnetic field is produced. Similarly, a
 magnet produces a magnetic field. When a magnet
 is in motion, its magnetic field changes, and this
 change radiates away as a wave. Changing mag-
netic fields generate electric fields, and changing
 electric fields generate magnetic fields.   Electro-
magnetic waves are the radiation produced by vi-
brating moving charged particles and magnets.
 James Clerk Maxwell was responsible for discov-
ering electromagnetic waves and for demon-
strating that light is an electromagnetic wave.
 Space is filled with vibrating electric and magnetic
 fields, and this is the radiation that we call electro-
 magnetic waves. 
 In an astronomical object, such as a star, elec-
trons are in continuous motion. This means that
 electromagnetic waves are constantly being ra-
diated out into space from those moving electrons.
 It is this electromagnetic radiation from a star that
 astronomers are eventually able to see using some
  kind of telescope. 
 ... The speed of light.   How long does it take for
 such star light to reach a telescope on Earth? Before
 the second half of the seventeenth century, people
 did not really have any good idea of what light was
 or whether it had any kind of speed, finite or oth-
erwise. If light traveled infinitely fast, once some-
thing happened that gave off light on one side of the
 universe (such as a star), you would instantaneously
 see that light on the other side of the universe. That
 kind of instantaneous response was the best guess
 5
 This intimate relationship between changing electric and magnetic
 fields is what makes electromotors and electromagnets work.
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 from the classical Greek astronomers forward. In
 , Ole Rømer (–) was the first to em-
pirically determine the speed of light was finite.
 Christiaan Huygens (–) used Rømer's
 measurements to work out the value of the speed of
 light as , miles per second, somewhat below
 the modern value but a very impressive accom-
plishment for seventeenth-century technology!
 Since the work of Maxwell in the s, we have
 known the modern value for the speed of light.
 This speed, denoted as   c, is ,, meters per
 second in empty space. Scientists typically round
 this number up to ,, meters per second
 and, using scientific notation, express this as 
 ×
    meters per second. This is equivalent to ,
 miles per second. The constancy of the speed of
 light in a vacuum is a regularity of creation (part of
  creation's functional integrity). 
 One important implication of the finite speed of
 light is that it takes time for light to travel to our
 telescopes on Earth. For example, it takes eight
 minutes and twenty seconds for the light emitted
 by the Sun to reach the Earth's surface. So the sun-
light you see now actually left the Sun eight
 minutes and twenty seconds ago. It takes light re-
flecting off Jupiter from thirty-five to fifty-two
 minutes to reach us depending on whether Jupiter
 is at its nearest or farthest distance from us, respec-
tively. For much larger distances, astronomers use
 the   light year   as a unit of measurement. This is the
 distance light can travel in one year. The star Alpha
 Centauri is . light years distant. This means that
 it takes . years for light to travel from Alpha Cen-
tauri to the Earth's surface. Therefore, when you
 are viewing Alpha Centauri through a telescope on
 Earth, you are seeing it as it was . years ago. Be-
cause the speed of light is finite, astronomers are
 always viewing astronomical objects in the past.
 The farther away the object, the further back in
 time we are viewing it.
  6.2. THE ELECTROMAGNETIC 
  SPECTRUM 
 We are familiar with the fact that light appears to
 us in different colors, which correspond to dif-
ferent wavelengths. Doubtless you have seen a
 diagram such as figure ., where a prism sepa- 
rates light into its various wavelengths corre-
sponding to the colors we see. These separated
 wavelengths are known as a   spectrum: the in-
tensity of radiation as a function of wavelength.
 The units used to describe or characterize our
 measurements for light are nanometers, which is
 Figure ..   A prism separates the various wavelengths making up all
 the colors contained in so-called white light.
 Going Further: Newton and the Prism
 Newton was the first to demonstrate that color is a fundamental property of light. When white light passes through a
 prism, as in figure ., an ordered set of colors comes out of the prism. Until Newton's demonstration, it was thought 
 that prisms added colors to white light. Newton ingeniously used two prisms to show this was not the case. White light
 passed through the first prism and was split into a rainbow of colors. Then Newton arranged the second prism so that
 the colored light passed through it and was recombined into white light again. This demonstrated that white light is
 composed of a spectrum of colors and that prisms merely separate those colors out when light passes through.
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 –   meters. An alternative designation for these
 units is the angstrom, named for Swedish phys-
icist Anders Jonas Ångström (–), which
 is a tenth of a nanometer.   The visible range of
 light that we are able to detect with our unaided
 eyes under normal conditions (when the optic
 nerve, neural circuits, and so forth are working
 properly) is approximately four thousand to seven
  thousand angstroms. 
 Looking at figure ., you can see that visible 
 light lies in a tiny portion of the entire electro-
magnetic spectrum, most of which is invisible to
 the human eye. The shorter wavelengths are in
 the ultraviolet direction of the spectrum and
 beyond, while the longer wavelengths are in the
 direction of the infrared. The different colors of
 visible light are due to how different wavelengths
 interact with our eyes. Keep in mind that every
 form of radiation in this figure is an example of
 an electromagnetic wave. They are all the same
 kind of wave-like phenomena, whether they are
 FM signals (radio waves), heat (infrared waves),
 or green light. The only differences are in the
 wavelengths (frequencies) of the oscillating elec-
 tromagnetic fields. 
 6
 Ångström's study of the spectrum of the Sun's light led to the
 discovery that hydrogen is present in the Sun's atmosphere among
  other chemical elements. 
 We make use of this entire electromagnetic
 spectrum from the radio-frequency end all the way
 up to the gamma-ray end in everyday life as well as
  scientific applications: 
 •
 AM and FM radio broadcasts use the radio
 portion of the spectrum, as do video-game
  controllers. 
 •
 Microwave ovens and cell phones use the
 microwave portion of the spectrum.
 •
 Remote controls for televisions and digital
 video recorders as well as night-vision
 goggles and cameras use the infrared
 portion of the spectrum.
 •
 Tanning booths and many sterilization pro-
cedures operate in the ultraviolet range of
  the spectrum. 
 •
 Medical x-rays and airport screening op-
erate in the x-ray range of the spectrum.
 •
 So-called gamma-ray knives used for some
 forms of precision surgery operate in the
 gamma-ray range of the spectrum.
 The structure and order of the electromagnetic
 spectrum is a consequence of light's regularities
 (such as those mentioned above). Humans have
 been applying these regularities for decades to be
 able to understand and navigate through our world.
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 Figure ..   Comparisons of the wavelengths of the electromagnetic spectrum with some characteristic lengths of familiar physical objects.
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 The applications mentioned above represent a span
 of fourteen orders of magnitude from the longest
 to the shortest wavelengths (see fig. .). 
 How the Earth's atmosphere interacts with dif-
ferent portions of the electromagnetic spectrum
 is crucial for astronomers. From figure .  you 
 can see that the Earth's atmosphere allows some
 wavelengths of electromagnetic radiation to pass
 through while blocking others. Starting from the
 shortest wavelengths, the gamma-ray, x-ray, and
 most of the ultraviolet portions of the electro-
magnetic spectrum are absorbed or otherwise
 deflected by the Earth's atmosphere and hence
 cannot penetrate to the surface.   This means that
 7
 Most frequency ranges in the ultraviolet will destroy DNA.
 While this is good for sterilizing things against all sorts of
 germs, it would be bad news for living creatures if those wave-
lengths got through our atmosphere. The Earth's atmosphere
 generally only lets those ranges of the ultraviolet spectrum pass
 through that are least harmful while blocking those that would
 be harmful to life as we know it. Otherwise you would not be
 here to read this.
 ground-based telescopes cannot receive electro-
magnetic radiation in these portions of the
 spectrum. A variety of satellites are launched into
 space orbiting around the Earth to capture and
 analyze light in these frequency ranges. The
 visible portion of the spectrum passes through
 the Earth's atmosphere, so ground-based tele-
scopes can be used to analyze it. The infrared and
 microwave portions of the
 spectrum penetrate to various
 depths of the atmosphere, so not
 only satellites but telescopes
 aboard high-flying planes and bal-
loons can be used to analyze light
 in this portion of the spectrum.
 The radio portion of the spectrum
 window from UHF out to about the
 FM range passes completely
 through Earth's atmosphere so that
 specially designed radio telescopes
 at the surface can be used to search
 for and analyze any interesting
 signals in this frequency range.
 Observing galaxies using dif-
ferent telescopes designed to collect
 light from different portions of the
 electromagnetic spectrum allows as-
tronomers to learn more about gal-
axies than simply observing them
 through visible light alone. For in-
stance, figure .  illustrates how viewing the Crab 
 Nebula at different wavelengths can give us different
 kinds of information. The differences reflect how
 different stars shine brightest at different wave-
lengths. Newly formed stars, much more massive
 than our Sun, shine most brightly in the ultraviolet
 portion of the spectrum, while older stars tend to
 shine brightest in the visual portion. In this way as-
tronomers can investigate the structure and evo-
lution of galaxies to better understand their nature.
 ... Atomic spectra. Figure .  illustrates one way 
 astronomers can learn more about the universe by
  ATMOSPHERE 
  Mesosphere 
  (meteors burn up) 
  Thermosphere 
  (auroras) 
  Troposphere 
  (weather) 
  Stratosphere 
 (ozone layer at 20-30
 km; jets fly at 10 km)
  Optical 
  “window” 
  Radio “window” 
  Shorter waves 
  Longer waves 
  Gamma 
  X-ray 
 Ultra- 
 violet 
  (UV) 
  Visible 
  Infrared 
  (IR) 
  Microwave 
  Radio 
 Figure ..   Our atmosphere's transparency to electromagnetic radiation varies from the shortest to the
  longest wavelengths. 
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 observing the same astronomical objects in dif-
ferent frequencies of the electromagnetic
 spectrum. Moreover, the spectrum of an object
 contains information on its chemical composition,
 temperature, and motion. How astronomers ex-
tract this information involves important regu-
larities in atoms and the Doppler shift. We will
 discuss atomic spectra in this chapter and the
 Doppler shift in chapter seven. 
 Atoms are basic building blocks of matter and
 have a nucleus, containing protons and neutrons,
 and electrons orbiting the nucleus. The
 vast majority of the mass of an atom is
 located in the nucleus. There are lots of
 different kinds of elements, each distin-
guished by the number of protons that
 are in the nucleus. That number specifies
 uniquely which element is which. For
 example, hydrogen has one proton with
 an electron whizzing around it. Helium
 has two protons and two neutrons with
 two electrons whizzing around the nu-
cleus. Carbon has six protons and six
 neutrons with six electrons whizzing
  around the nucleus. 
 Elements can come in different   isotopes,
 where the number of protons is the same
 while the number of neutrons differs from the
 standard number for the particular element (fig. 
  .). One example is deuterium, which is hydrogen 
 with an extra neutron. A relevant isotope for radio-
active dating is   C (carbon-), which has two
 neutrons more than the normal   C.   The bottom
 line is that each element and its isotopes have
 unique characteristics as a result of regularities
 involving the nucleus and the orbiting electrons.
 Astronomers can draw on these regularities to in-
 vestigate astronomical phenomena. 
 What about the electrons? They have a fixed
 mass, charge (negative, in contrast to the protons'
 positive charge), and other properties enabling
 them to function in very precise, regular ways in
 atoms. Electrons occupy what are called energy levels.
 8
 The number of neutrons in the nucleus does not actually make a
 significant difference for the electromagnetic forces between the
 protons in the nucleus and the electrons. However, the number of
 neutrons does make a difference in the stability of the nucleus. For
 instance, the two extra neutrons in the nucleus of  C make it un-
stable, so that it tends to decay into nitrogen. The unique signature
 of these isotopes and the regularity of radioactivity-decay processes
 can be used as a kind of a clock in radiocarbon dating. See chap. . 
 Figure ..   The Crab Nebula viewed in six different wavelengths.
  H tritium 
  C 
  Isotopes of Hydrogen 
  hydrogen 
  carbon 12 
  carbon 14 
  H 
  C 
 1 proton 
 1 proton + 2 neutrons
 6 protons + 6 neutrons
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  C carbon 13 
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 Figure ..   An isotope of an atom has the same number of protons but different numbers
  of neutrons. 
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 Very roughly, you can imagine these energy levels as
 spherical shells that differ in their radial distance
 from the nucleus. The important point to take away
 from this simplistic picture is that the more distant
 the energy level is from the nucleus, the higher the
 energy of the electrons occupying that level.
 Each element has a unique set of energy levels.
 According to quantum mechanics, there are spe-
cific rules for how electrons can fill the different
 energy levels, beginning with those closest to the
 nucleus. The general pattern is this: As you go
 down a column in the periodic table (each column
 is known as a   group), the number of energy levels
 filled by electrons increases. As you go across a row
 in the periodic table (each row is known as a
 period), electrons are added to the outermost level
 that has the lowest energy and can accommodate
 electrons until it is filled (the final column where
 the inert gases are).   As you go up in atomic
 number, the positive charge of the nucleus in-
creases due to the addition of protons. This in-
creased positive charge pulls the orbiting electrons
 closer to the nucleus so that the average radius of
 the energy levels occupied by electrons (or that can
 be occupied by them) tends to decrease with in-
creasing atomic number across a period. For in-
stance, the average radius of the first energy level
 for helium is smaller than for hydrogen due to the
 presence of two protons.
 These (and other) rules result in a unique or-
dering of electrons for each element with unique
 energy levels. The first energy level is commonly
 9
 There are inner electron shells that fill by some more complex rules.
 called the ground state because the electrons oc-
cupying it have the lowest possible energy for that
 element. The electrons surround the nucleus in a
 cloud whose average radius from the nucleus we
 will call   r. The electrons occupying this energy
 level have a specific energy   E   (as a rough analogy,
 this is similar to an apartment building with a
 ground floor and no basement; people can occupy
 no level lower than the ground floor). Electrons oc-
cupying the second energy level surround the nu-
cleus in a cloud whose average radius from the
 nucleus is   r, farther out from the nucleus than   r,
 with a corresponding energy   E   greater than   E
 (roughly, this would be similar to the first floor in
 an apartment building; people can occupy the first
 floor or the ground floor, but nothing in between).
 This second energy level is called the first excited
 state, for reasons that will become clear in a
 moment. Similarly, the third energy level,   r, would
 be larger than   r, and   E   would be greater than   E
 (this would be analogous to the second floor in an
 apartment building; people can occupy the ground,
 first, or second floors, but nothing in between).
 The third energy level is called the second excited
 state. And so forth, until electrons have too much
 energy to occupy any of the available energy levels
  for an element. 
 According to quantum mechanics, electrons
 cannot obtain any energy they want in an atom.
 Rather, electrons can have only discrete energies   E,
 E, or   E   and higher because energy comes in dis-
crete quantities known as quanta (roughly anal-
ogous to an apartment building, where people can
 occupy only specific floors). This restriction has
 Going Further: Microwaves and Telecommunication
 That microwave radiation is reflected by Earth's atmosphere provides a practical means for telecommunications. From
 the Earth's surface, we can bounce microwaves off the atmosphere and down to the surface again. Hence, you can make
 a phone call from Chicago to a friend in New York by sending microwaves from your phone to a nearby tower up to the
 atmosphere, where they are reflected to another tower and sent to your friend's phone.
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 important consequences when combined with the
 results of the preceding paragraph. First, there is a
 consistent pattern across the elements, where
 having a larger atomic number leads to the distance
 between the ground state and the nucleus getting
 progressively smaller as the atomic number gets
 larger. Each ground state has a unique energy as-
sociated with it due to its distance from the nucleus.
 A second and more important consequence to note
 is that the distances between each energy level as
 well as the energy corresponding to that level form
 a unique pattern for each element. For example, the
 ground state energy   E   is larger for hydrogen,
 somewhat lower for helium. It is similar for the en-
ergies associated with the first excited states,   E,
 with the second excited states, and so forth.
 The bottom line is that there is a set of law-like,
 persistent regularities, wherein each element has a
 unique spacing of electron energy levels. These
 unique structural features of each element act as a
 fingerprint, allowing astronomers to uniquely
 identify elements anywhere in the universe as well as
 the amount of each element relative to other ele-
ments. As we continue you will see how important
 these persistent regularities are to astronomers' work.
 ... The particle nature of light.   One of the twentieth
 -century discoveries that led to quantum me-
chanics was that when light interacted with atoms,
  10 
 These structural patterns are a function not only of the number
 of protons in the nucleus but also of the number of electrons
  orbiting the nucleus. 
 it did not do so as a wave, which could take on a
 continuum of possible values. Instead, light in-
teracts with atoms as a “packet” of electromagnetic
 radiation like a particle with discrete values for the
 frequency and energy. These light packets are
 called   photons. Early in the twentieth century,
 Albert Einstein (–) showed that a photon's
 energy is related to its frequency as
 photon energy = (Planck's constant) × (photon
  frequency), 
  or, in symbols, 
 E = hf, 
 where   h   is Planck's constant (a constant of nature)
 and   f   is the frequency of the photon. The highest-
energy photons—gamma rays—have about the
 energy of a flying gnat. At first glance this does not
 sound like very much energy at all, but high versus
 low energy for light is relative to the scale of fre-
quencies in figure .. By comparison, photons in 
 the visible range have billions of times less energy
  than flying gnats. 
 ... Light and atomic spectra.   The electron energy
 levels of atoms and the energy of photons are the
 key to understanding how astronomers can
 identify the chemical composition of stars, gal-
axies, and other celestial objects. They observe the
 light given off in transitions in atoms when elec-
trons move between ground states and excited
 states and vice versa. To occupy a particular energy
 level, an electron must gain exactly the additional
 Going Further: The Search for Extraterrestrial Intelligence
 The Search for Extraterrestrial Intelligence (SETI) program uses radio telescopes to scan the skies for any possible mes-
sages being beamed by an advanced society in the radio-frequency range of the spectrum. One assumption of SETI is
 that a culture on some distant planet advanced enough to be discovered would at least be scientifically advanced
 enough to have discovered and be using radio waves. Consequently, we could detect such signals so should be listening
 for them. A further presupposition of SETI is that an advanced alien intelligence is similar enough to our intelligence to
 be recognizable by us in such signals.
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 amount of energy needed to match the energy of
  the new level. 
 Electrons can gain energy by absorbing
 photons. However, only photons of the precise
 amount of energy needed can be absorbed by an
 electron in an atom. When light of precisely the
 right frequency is absorbed, an electron gets
 kicked into a higher energy level matching that
 frequency. Because of Einstein's energy-frequency
 relation, the photon's energy corresponds to exactly
 the energy difference between the two energy
 levels in question, as illustrated in figure .. 
 Suppose a photon with a frequency corresponding
 to the energy difference   E–E   is absorbed by an
 electron in the ground state (having energy   E).
 Then the electron will jump to the first excited
 state, energy level   E. If a photon with a frequency
 corresponding to the energy difference   E–E   is
 absorbed by an electron in the ground state, then
 the electron will jump to the third excited state,
 energy level   E. Electrons absorbing photons and
 jumping to higher energy levels are said to be   ex-
cited, and when an electron is in a higher energy
 level it is said to be in an   excited state.
 Space is filled with photons, which is to say
 that electromagnetic radiation is everywhere.
 Some photons will have the right energy to be
 absorbed by an electron in an atom. Many will
 not. If a photon turns out to not have the right
 frequency (energy), then it simply passes through
 the atom, and no electrons are affected. If,
 however, a photon having the right energy to kick
 an electron from a lower energy level to a higher
 one comes through the atom, quantum me-
chanics tells us there is a probability that an
 electron in the lower energy level will absorb the
 photon and jump to the appropriate higher
 energy level. It is not a process that happens au-
tomatically every time there is a photon matching
 the energy requirements of the new level. These
 are probabilistic processes. Nonetheless, given
 the sheer number of hydrogen atoms at the
 surface of the Sun, say, there will be plenty of ex-
cited hydrogen atoms with electrons jumping up
 to higher energy states.
 As you might suspect, an electron in an excited
 state can drop down to a lower energy level by a
 kind of reverse process—by emitting a photon of
 exactly the right frequency corresponding to the
 energy difference between the two levels, illus-
trated in figure .. For instance, if an electron in 
 the second excited state (energy level ) emits a
 photon of precisely the right frequency corre-
sponding to an amount of energy equal to   E–E,
 1
 2
 3
 4
  Wrong 
  energy 
  Photons 
  Eph = E3-E1 
  Eph = E4-E1 
  Eph = E2-E1 
 Figure ..   Photons (squiggly lines) of exactly the right amount of
 energy—the difference between two different energy levels—have
 a probability of being absorbed by electrons in an atom, causing
 those electrons to jump to the specific higher energy levels. If the
 photon does not have an energy matching the difference between
 two energy levels, it always passes through the atom unabsorbed.
 1
 2
 3
 4
  Photons 
  Eph = E3-E2 
  Eph = E4-E1 
 Figure ..   By giving off a photon of the precise frequency
 corresponding to the difference between two energy levels, an
 electron can drop from an excited state to a lower-energy state.
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 Going Further: Randomness Is Law-Like
 Sometimes random or chance processes such as absorption or emission of photons are mistaken as lawless phenomena.
 Nothing could be further from the truth. Quantum mechanics tells us that these processes happen according to consis-
tent probabilities that can be calculated because these probabilities are law-like. This is yet another persistent regular-
ity of creation. Suppose we had a gas of hydrogen atoms in a laboratory and excited those atoms by shining light of the
 right frequency to kick electrons from the ground state to the first excited state. We could use quantum mechanics to
 calculate the number of hydrogen atoms whose electrons would absorb a photon and jump to the first excited state
 (though we would not be able to say which specific atoms and electrons). Moreover, with the appropriate detectors
 around the hydrogen gas, we would see a probability distribution for hydrogen atoms with electrons in the first excited
 state that would agree with our calculations.a
 The situation is similar with radioactive decay, another quintessential random phenomenon (chap. ). Given a
 sample of radioactive material (C, say) we would not be able to predict which carbon nuclei in the sample would un-
dergo radioactive decay in the next twenty-four hours. But we would be able to use quantum mechanics to calculate
 how many   nuclei on average in the sample would undergo a decay event over the twenty-four-hour period, and our
 calculation would be accurate.
 The bottom line on randomness is that it   always   is ordered in a law-like phenomenon conforming to fixed statistical
 patterns. There are no examples of random phenomena in the universe that are not law-like. So contrary to popular
 confusion, randomness is not uncaused, lawless chaos. Furthermore, according to the doctrine of creation, random
 processes such as the absorption of photons are sustained in being by the Son and enabled to function according to their
 calling by the Spirit.
 In light of the doctrine of creation, how are we to think about randomness in God's handiwork? Scientists distin-
guish two kinds of randomness. The first is   apparent randomness. This is randomness due to limitations on our knowl-
edge. The outcomes of systems, such as roulette wheels or rolling dice, are deterministic but unpredictable due to our
 ignorance of the precise initial conditions or the specific setup for the system. The normal laws of mechanics and elec-
tricity and magnetism apply, but limits on our knowledge of some details about the systems mean their outcomes ap-
pear random to us.
 The second kind is   irreducible randomness. The full set of physical conditions determine the probability for outcomes
 but not the specific outcome in a system itself. Nevertheless, it is important to emphasize that with irreducible random-
ness these outcomes still conform to fixed probabilities. These probabilities are constrained by laws, in this case statisti-
cal rather than deterministic laws. Irreducible randomness, then, is a different form of order from the deterministic or-
der we experience with mechanical systems.
 Given this distinction, there are three possible ways to understand randomness in nature.
 Perhaps all randomness in nature is apparent randomness. A deterministic basis exists, but epistemic limitations
 preclude us from knowing all the conditions precisely. This would be the case for a completely deterministic world. Such
 a world is fully consistent with deism but would be inconsistent with Jesus and the Spirit's mediating activity in creation.
 In a deterministic creation, laws of nature do all the mediating. It would also be inconsistent with a creation that God
 calls to become something uniquely itself. Finally, if the triune Creator's relationship to creation is one of love, this im-
plies the object of love has at least some freedom to be what it is.
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 then the electron will drop down to the first excited
 state. Or if an electron in the third excited state
 (energy level ) emits a photon of precisely the right
 frequency corresponding to an amount of energy
 equal to   E–E, then the electron will drop down to
 the ground state. Again, the electron has to emit a
 photon of precisely the right energy to drop down
 to the lower energy level. Otherwise the electron
 remains in its current energy level whizzing about
 the nucleus. As in the case of an electron absorbing
 an appropriate photon, when an electron will emit
 an appropriate photon and drop to a lower energy
 level is a probabilistic process. As far as quantum
 mechanics tells us, this emission process is random.
 It happens whenever it happens.
 So we know electrons can absorb photons of
 particular frequencies (energies). Similarly, elec-
trons can emit photons at particular frequencies
 losing a precise amount of energy. Furthermore,
 as we saw, the energy structure for each element
 is unique. Putting these regularities together leads
 to the uniqueness of the electromagnetic radiation
 absorbed or emitted by particular atomic ele-
ments (the atomic fingerprint mentioned above).
 That is what is illustrated in the examples of
 atomic spectra in figure .. The unique energy 
 structure for each element implies a unique
 spectrum—fingerprint—for each element, al-
lowing the chemical elements to be uniquely iden-
tified. Consider the three spectra in figure .—
 hydrogen, helium, and carbon. Notice that these
 spectra have bright lines against a black back-
ground. These are examples of emission-line
 spectra, where excited electrons   emit   photons of
 specific energies as the electrons drop down to a
 lower energy level. The bright lines are the emitted
 photons of specific energies, hence why the
 emission lines are so sharp.
 Figure ..   Examples of emission spectra for hydrogen, helium, and
  carbon. 
 Perhaps there is irreducible randomness according to our best scientific descriptions, but what appears irreducibly
 random is God suspending or contravening laws of nature. This is an interventionist picture of divine action.b  The impli-
cation, however, is that creation's functional integrity is insufficient for it to become what God intends or calls it to be.
 In other words, God has not given creation a contingent rationality suited to achieving his purposes. Such ongoing
 continuous interventions in or suspensions of functional integrity also do not appear to be the way of love. Suppose a
 parent always intervened in or superseded a child's will and abilities every time the child attempted to do something.
 Would that child grow or develop into a healthy, flourishing person? Under this view, we could raise similar questions for
 creation coming to be in Christ.
 Perhaps there is irreducible randomness, but God through natural processes sets the probabilities for outcomes.
 God establishes the kind of physical/biological order by setting up probabilities for outcomes, such as radioactive decay,
 while the Spirit enables these outcomes in ways fully consistent with the laws. This would be a noninterventionist pic-
ture of divine action. Under this view, we can understand the Father as purposing creation to become itself, participat-
ing through its own functional integrity, where the Son and Spirit are acting patiently in creation through its own
 properties and processes to the glory of the Father's love.
 a
 We would see an absorption spectrum because the photons of the right frequency would be missing (see below).
 b
 For some discussion, see Robert C. Bishop, “Divine Action (Concursus View)”; and Jeffrey Koperski, “Divine Action (Engaged-Governance View),”in   Dic-
tionary of Christianity and Science, ed. Paul Copan et al. (Grand Rapids: Zondervan, ), -.
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 Now look at the hydrogen emission spectrum. The
 first reddish line is a photon with a frequency cor-
responding to an electron dropping from the
 second excited state to the first excited state. The
 next emission line to the left represents photons
 emitted when electrons in the third excited state
 drop to the first excited state. Photon frequencies
 get progressively shorter from the right end to the
 left end of the spectrum, and consequently the
 photon energies get progressively higher from
  right to left. 
 Comparing the three emission spectra, notice
 that the emission lines in the three spectra are com-
pletely different from one another. For instance, the
 lowest energy emission lines, corresponding to
 electrons dropping from the second to the first ex-
cited states, have smaller energies (lower fre-
quencies) for helium and carbon. These patterns of
 different emission lines for the same transitions
 occurring in different locations come from the dif-
ferent energy-level structures discussed in section
 ... By placing an instrument known as a spec-
trometer on a telescope, astronomers can look at
 stars and determine the unique composition of ele-
ments making up each star by obtaining the atomic
 spectra and analyzing them. Similarly, crime-scene
 investigators and other scientists can identify un-
known compounds using spectrometers. That no
 two emission spectra are the same for any of the
 elements makes these kinds of analyses possible.
 Moreover, the intensity of the lines tells astron-
omers information about the relative abundance of
 chemical elements composing an object.
 Looking at figure ., you see two examples of 
 absorption and emission spectra for hydrogen.
 Notice that the entire spectrum is visible, except for
 some very sharp black lines. This is what you would
 see if you shined white light on hydrogen gas in a
 laboratory. The white light shows up as the full set
 of colors in a spectrometer, while the black lines are
 at precisely the same locations as the emission lines
 of the hydrogen emission spectrum. The black lines
 represent the photons missing from the spectrum
 because they have been   absorbed   by electrons that
 have been kicked up to higher energy levels. For
 example, the first absorption line on the right is
 from photons of precisely the right frequency being
 absorbed by electrons in the first excited state to
 kick them up to the second excited state.
 Observing a spectrum allows astronomers to
 learn a lot about a celestial object. For example,
 table . shows the relative abundance of elements
 in our Sun as determined by analyzing its spectrum.
 We have analyzed numbers of spectra from stars
 and have been able to determine that the compo-
sition of each star is unique. Moreover, astron-
omers have been able to determine that far and
 away the most abundant element in the universe is
 hydrogen. A third conclusion by astronomers is
 that elements crucial for life, such as carbon and
 oxygen, tend to be clustered in and around stars
 (for reasons we will see later).
 Table ..   The most abundant elements in the Sun determined as a
 percentage using the information contained in the Sun's electromag-
 netic spectrum. 
  Element 
  Percentage by 
  Number of Atoms 
  Percentage by 
  Mass 
  Hydrogen 
  91.0 
  70.9 
  Helium 
  8.9 
  27.4 
  Carbon 
  0.03 
  0.3 
  Nitrogen 
  0.008 
  0.1 
  Oxygen 
  0.07 
  0.8 
  Neon 
  0.01 
  0.2 
  Magnesium 
  0.003 
  0.06 
  Silicon 
  0.003 
  0.07 
  Sulfur 
  0.002 
  0.04 
  Iron 
  0.003 
  0.1 
 Figure ..   Examples of absorption (above) and emission (below)
  spectra for hydrogen. 
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 Of course, the example spectra we have shown
 you are pristine, from well-controlled laboratory
 samples. Interstellar space, by contrast, is dirty. For
 instance, dust between our detectors and a distant
 star can obscure the spectra, making them appear
 much dimmer compared to laboratory spectra.
 Nevertheless, dust and other matter the photons
 pass through do not affect the spectra at all; no
 physical processes throw the unique patterns of
  the elements off. 
  6.3. THE SIZE OF THE UNIVERSE 
 From ancient times until the beginning of the twen-
tieth century, everyone believed that the universe
 consisted of our solar system surrounded by a vast
 number of stars. In essence, for centuries we thought
 the Milky Way was the universe. Since the universe
 was thought to have always been the same size, as-
tronomy largely focused on cataloging and studying
 the planets and stars, and determining their dis-
tances with increasing accuracy. Although the uni-
verse was thought to be large, by our current lights
 the size of the universe was very small compared to
 what we have determined today. Light has been the
 key to discovering how vast the universe is.
 ... Parallax and distance.   In hindsight, we now un-
derstand these persistent beliefs were largely due to
 the fact that astronomers did not really have appro-
priate ways to accurately determine the distances to
 stars. For centuries, the only distance measurement
 technique available was using an effect known as
 parallax. This measurement technique turned out to
 have some very severe limitations.
 Parallax is the relative apparent motions of the
 stars in the sky due to the Earth's motion. If you
 have ever driven near mountains, you have experi-
enced the parallax effect. Driving along the
 highway, it appears as if the mountains closest to
 your car are moving sideways, while the mountains
 farther away appear to not be moving at all. Par-
allax is an effect caused by the fact that you are
 observing objects from different positions relative
 to them. For instance, if you hold your thumb up
 close to your face, close one eye, view the thumb
 with the other eye open, then start alternating
 which eye is open and which closed, it appears as
 if your thumb shifts from side to side. Hold your
 thumb up at arm's length and repeat alternating
 which eye is open, and notice that your thumb
 does not appear to jump side to side as much. The
 reason your thumb appears to move side to side as
 you alternate opening/closing each eye is that you
 are viewing your thumb from different positions.
  Figure .  illustrates how parallax works for a
 moving Earth. As the Earth orbits around the Sun,
 the star we are observing relatively close to us ap-
pears to slide across the background of much more
 distant stars similar to how nearby mountains
 appear to shift relative to more distant mountains
  when driving. 
 This effect can be used to measure the distance
 of stars. Suppose there is a star we want to ob-
serve (represented by the red dot in fig. .) and 
 determine its distance. On January , say, we use
 our telescope to take a picture of the star and note
 its position relative to the more distant stars in
 the background. We wait six months and take an-
other picture of the star when the Earth is on the
 opposite side of the Sun. Now we note the po-
sition of the star relative to the more distant back-
ground stars. Comparing the January and July
 pictures, we can see that the star we are observing
 appears to shift a specific distance across the
 background stars. This shift is due to the different
 locations of the Earth when we took the pictures.
 The distance the star appears to shift is directly
 related to the angle of the triangle formed at the
 location of the star in figure ., known as the 
  parallax angle. 
 Once this parallax angle is measured, we can use
 trigonometry to calculate the star's distance. If we
 drop a straight line directly down from the star bi-
secting the parallax angle, we notice that line forms
 one side of a right triangle, with the base of the
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 triangle formed by the distance be-
tween the Earth and Sun on January
 . The line of sight from our telescope
 forms the third side of the triangle.
 Given that this is a right triangle, we
 know the length of the base (Earth-
Sun distance), we have measured the
 parallax angle, and we know one
 other angle is ninety degrees. This is
 enough information to use trigo-
nometry to calculate the distance of
 the star (the line-of-sight side of the
 triangle). The parallax distance tech-
nique involves two measurements
 (the Earth-Sun distance and the par-
allax angle) and some simple trigo-
nometry. If all of this is done accu-
rately, our estimate for the star's
 distance will be accurate.
 This is how parallax distance measurements
 work in principle. In practice, these measure-
ments are quite difficult and limited to relatively
 nearby objects. Astronomers in the sixteenth and
 seventeenth centuries were using parallax mea-
surements to determine the distances of the
 planets relative to the Earth-Sun distance. The
 first successful parallax measurement of a star's
 distance did not take place until Friedrich
 Wilhelm Bessel (–) determined the dis-
tance of  Cygni in . Although we have
 known about the parallax effect since at least the
 time of Aristotle, no one had ever detected any
 parallax effect for stars until Bessel's measurement.
 One reason for this is that you must have a pow-
erful enough telescope to actually see the parallax
 angle because it is so small (the size of the angle
 in fig. .  is greatly exaggerated to illustrate the 
 effect). And given how small parallax shifts are,
 these angles can be determined accurately only for
  relatively nearby stars. 
 Think about this for a moment. From the first
 beginnings of astronomical observations in an-
cient Egypt, India, and South America, nobody
 had any clear idea just how far away stars actually
 were until . This is not to say that astronomers
 did not have good distance estimates for the
 planets and the Sun. The ancient, medieval, and
 Renaissance distance estimates for the planets and
 the Sun are very impressive given the tools of the
 times (naked-eye observations; the telescope was
 invented in the early seventeenth century). But the
 stars lie some undetermined distance beyond the
 planets. Some astronomers and natural philoso-
phers argued that the stars were an infinite dis-
tance away because we saw no parallax effects,
 while others argued that they were some large,
 finite distance. Until Bessel's successful parallax
 measurement, no one could settle which argu-
 ments were correct. 
 ... The distance-luminosity relation and standard
 candles.   The parallax measurement technique is
 straightforward but does have an important limi-
tation: astronomers must be able to measure the
 parallax angle accurately. Using ground-based
 telescopes, about  light years is the maximum
 distance at which the angle can be determined
 1 AU 
 d
 p
  January 
  July 
  January View 
  July View 
  Distant 
  Stars 
  stellar parallax 
  d(parsecs) 
 =
 1
  p(arcseconds) 
 Figure ..   Parallax is the apparent shift of a star (red dot) due to the Earth's movement. This effect
 can be used to determine the distance to stars.
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 accurately. To measure distances to stars farther
 away, astronomers need another technique.
 Another regularity of light directly relevant to
 determining the size of the universe is that its
 brightness, or luminosity, has a fixed relationship
 to the distance light has traveled from its source. A
 star's   apparent brightness—the brightness mea-
sured by a light meter—depends on the distance
 the source is from a detector. The absolute or in-
trinsic luminosity of the light source is the amount
 of light it emits per second at its surface. This   dis-
tance-luminosity relation   has a simple mathematical
 form. The luminosity a light meter would measure
 through a telescope on Earth is the absolute lumi-
nosity or intrinsic brightness of the source divided
 by the distance from the source squared:
 measured luminosity = (intrinsic luminosity) /
 (distance from the source),
  or, in symbols, 
 L
  measured = L
  intrinsic / d, 
 where   L   denotes luminosity and   d   denotes distance.
 This formula holds for any form of electromagnetic
 radiation and means that the luminosity of the
 light you see decreases the farther you get from the
 source (or increases as you get closer to the source)
 in a regular way. For example, comparing a
 household flashlight to a car headlight can give
 some feeling for how the distance-luminosity
 formula works. A car headlight is much brighter
 than the flashlight. We say that the headlight has a
 higher intrinsic luminosity than the flashlight.
 However, by moving the headlight a far enough
 distance away while not changing the flashlight's
 position, the measured luminosity of the headlight
 and flashlight would be the same.
 If the intrinsic luminosity of a source is
 known, then the distance-luminosity relation
 yields an approach for determining the distance
 of a light source. Light sources of known in-
trinsic luminosity are often called   standard
 candles   (which derives from the old way of de-
scribing luminosity using candlepower). It is
 easy to determine the intrinsic luminosity of a
 burning candle. By measuring the apparent lu-
minosity with a light meter, you can then cal-
culate what the distance to the candle is using
 the distance-luminosity relationship (see “Going
 Going Further: Determining the Sun-Earth Distance
 By the early seventeenth century astronomers had used parallax measurements to accurately determine the distances
 of the planets in terms of Earth-Sun distances. However, they did not have good estimates for the Earth-Sun distance.
 Only the relative distances of the planets was known, not the absolute distances. Indeed, the best estimate of the Earth-
Sun distance at that time was five million miles (compare with the modern values of  million miles).
 The Reverend James Gregory (–), a Scottish minister who was an astronomer and mathematician, pro-
posed in  that the absolute Earth-Sun distance could be determined from observations of the transit of Venus. So
 long as these measurements were made from various widely separate geographical locations, the Earth-Sun distance
 determination should be very accurate. Unfortunately, his idea languished in obscurity. In  Sir Edmond Halley
 (–) proposed the same idea, publishing the details for this technique in . Using the upcoming  and 
 transits of Venus, astronomers could measure Venus's parallax shifts from different locations on Earth and determine
 the distance from Earth to Venus, and then the Sun's distance could be determined accurately. The  observations
 yielded an Earth-Sun distance of about ninety-five million miles, within  percent of the modern value. Once this dis-
tance was known accurately, the absolute distances of the planets could then be calculated.
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 Further: Standard Candles” below). Since this
 distance-luminosity relation is a persistent regu-
larity of light, as long as astronomers can de-
termine the intrinsic luminosity of a star, they
 can measure its apparent luminosity using a tele-
scope and calculate the star's distance, an ex-
ample of deductive inference.
 Astronomers could use their catalog of parallax
 measurements to give them known distances to a
 number of stars. They could also measure the ap-
parent luminosity of these stars. Using the dis-
tance-luminosity relation, astronomers could
 then calculate the intrinsic luminosities of all the
 stars they had good parallax measurements for.
 Since the parallax and standard-candles tech-
niques were based on physically distinct prin-
ciples, this gave astronomers a way to check all
 standard-candle distances against parallax mea-
surements, demonstrating that the two techniques
 agreed with each other for all stars within range
  of parallax measurements. 
 Combining parallax measurements with the
 distance-luminosity relation allowed astronomers
 to identify classes of stars that all have the same in-
trinsic luminosity, meaning those classes could be
 used as standard candles to serve as reference points
 for distance measurements using the standard-
candles technique. Stars also can be classified based
 on their mass and spectra, and a star's mass can be
 calculated using Kepler's laws. As we will see in
  chapter nine, the mass of a star determines almost 
 all of its properties. In particular, there is a direct
 relationship between a star's mass and its intrinsic
 luminosity. Putting all this information together
 yielded the first standard-candles distance tech-
nique. This technique allowed astronomers to
 identify a star as falling into a standard-candle class
 and thereby determine its distance even if the par-
allax angle was too small to be measured.
 Given Bessel's success, astronomers worked to
 improve telescopes and to produce more standard-
candle and parallax measurements of increasing
 accuracy. As this work continued and identified
 Going Further: Standard Candles
 The regularity of the distance-luminosity relation provides a basic approach for astronomers to determine the distances
 of astronomical objects known as the   standard candles   approach. It gets its name from the fact that when a candle burns
 it produces the same amount of absolute luminosity. So no matter which burning candle you are looking at or how far
 away it is, you know that the magnitude of the light's source is the same. By comparing the absolute luminosity with
 that measured by a light meter at different distances, those distances can be precisely determined.
 We also know that light from a point source decreases in intensity according to the inverse square of the distance
 between the source and a detector. This is a strictly geometric regularity of creation. As a simple example, imagine that
 a friend is holding a flashlight, and you have a detector that counts the number of photons entering a fixed area at the
 front of the detector. Suppose that at one unit of distance between your detector and the flashlight, your detector
 counts sixteen photons passing through that fixed area per second. If you were to increase the distance between the
 flashlight and detector to two units, your detector would now count four photons per second. Now increase the distance
 to four units, and the detector would count one photon per second. This pattern will hold as the distance increases. This
 is why you see the brightness of the tail lights of cars and trucks drop uniformly when they drive away from you. This
 uniform pattern allows astronomers to use the known brightness of their “standard candles” to determine the distance
 of astronomical objects to a very high accuracy.
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 standard-candle stars, astronomers were able to
 produce their best confirmed determination of
 the size of the Milky Way in : , light
 years in diameter. This is a mind-blowing,
  enormous distance. 
 At some point, however, stars are simply too far
 away to either measure the parallax angle or ac-
curately determine the other information astron-
omers had used to identify standard-candle stars.
 Although astronomers could not be sure at the
 time, it turns out that the standard-candle tech-
nique of the time reaches its accuracy limit at
 around , light years' distance. To determine
 whether this was the maximum size of the uni-
verse, astronomers needed to discover a new kind
 of standard candle that was not subject to the same
  distance limitations. 
 ... Cepheid variable stars as new standard candles.
 While the years of work leading to the  dis-
tance results were going on, some astronomers
 were searching for new candidates for standard
 stellar candles. This search turned up a very useful
 kind of regularity that could serve as a standard
 candle. It was known for a long time that the lu-
minosity of some stars oscillated, growing brighter
 and then dimmer, then brighter again, and so
 forth (the radius of variable stars also expands and
 contracts along with the changes in luminosity).
 These were known as   variable   stars. Some of these
 variable stars exhibited a precise period to these
 luminosity oscillations. They are known as   Type I
 Cepheid variable   stars.   They actually change
  11 
 Another class of stars exhibiting regular luminosity oscillations
 is RR Lyrae stars. A distance measurement technique was also
 worked out for this class of stars.
 Going Further: Induction and Light's Regularities
 How do we know light has these regularities everywhere and at all times? As finite beings, we cannot study light at all
 times and places to observe whether these patterns are persistent at all times and places in the universe. The way sci-
entists handle this is by means of the kinds of method-evidence links introduced in section ... There was plenty of
 studying light theoretically and discovering the regular properties light should exhibit in all contexts. Alongside this
 was the study of light in laboratory and other controlled settings on Earth, confirming that these regularities hold in all
 these situations. Since we cannot study all the light there is at the Earth's surface, scientists generalized their observa-
tions of these persistent patterns by induction, inferring that light behaves the same everywhere on Earth. Scientists
 then applied that provisional conclusion to light near the Earth (e.g., light coming from the Sun). We see no differences
 in behavior in sunlight versus what we can produce on Earth, nor do we detect anything inconsistent with the idea that
 light emitted from the Sun is the same as light on Earth. Therefore, we can extend our inductive inference to our cosmic
 neighborhood. Similarly, we extend this inference to all light anywhere and at any time in the universe.
 You may have heard of the so-called problem of induction—there seems to be no way of demonstrating that induc-
tive conclusions are absolutely true. As discussed in section .., this is basically true of most methods of scientific in-
quiry. They can yield only provisionally true conclusions. Inductively generalizing our conclusions about light's regulari-
ties as universally true about light everywhere and everywhen is no different. But this kind of provisional conclusion
 does not trouble scientists, because they have ways of detecting when such generalizations break down. This is why
 scientists are continually testing their assumptions about light and their methods to see whether any problems arise,
 and addressing them if they do. Aside from these pragmatic ways of testing light's regularities, a robust doctrine of
 creation also gives us reason to think that we should find such regularities everywhere and everywhen in creation given
 creation's contingent rationality and ministerial nature (chap. ). 
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 size—pulse, as it were—with a precise rhythm.
 By studying this class of stars, American as-
tronomer Henrietta Leavitt (–) dis-
covered what is known as the period-luminosity
  relation in . 
  Figure .  shows an example of the rela- 
tionship for Type I Cepheid variable stars. It is a
 correlation between the period of time it takes for
 such stars to complete their cycles from brightest
 luminosity to dimmest and back to brightest
 again, on the one hand, and their intrinsic lumi-
nosity, on the other. The periods are plotted in
 days, while the intrinsic luminosity is plotted in
 units equaling the Sun's intrinsic luminosity. From
 this plot, you can see that the brighter the intrinsic
 luminosity of a Cepheid variable, the longer its
  period of oscillation. 
  12 
 Leavitt had discovered the regularity by  and confirmed
  it in . 
 Leavitt's period-luminosity relation is another
 example of a persistent regularity in creation, and it
 proved to be a very powerful distance-measurement
 tool. It is much easier to accurately determine the
 period of oscillation in luminosity than it is to use
 Brief Biography: Henrietta Swan Leavitt (1868–1921)
 The daughter of a Christian minister, Henrietta Swan Leavitt attended Oberlin
 College and later graduated from the Society for the Collegiate Instruction for
 Women in , which became Radcliffe College. During travels through America
 and Europe after graduation, she lost her hearing. Leavitt became a volunteer
 assistant at Harvard College Observatory in  as part of the corps of human
 “computers” recruited by observatory director Edward Charles Pickering (–
 ) and was hired as permanent staff in . During these years she worked on
 variable stars, discovering the Cepheid variable period-luminosity relation. By
 the end of her life, she had cataloged twenty-four hundred variable stars, half of
 the known variable stars at the time.
 Although some of these facts about Leavitt were featured in episode eight of the recently remade   Cosmos, the fact
 that she was a Christian was conspicuously absent. Solon Bailey's obituary in   Popular Astronomy   summarized Leavitt's
 religious life this way:
 She was a devoted member of her intimate family circle, unselfishly considerate in her friendships, steadfastly
 loyal to her principles, and deeply conscientious and sincere in her attachment to her religion and church. She
 had the happy faculty of appreciating all that was worthy and loveable in others, and was possessed of a nature
 so full of sunshine that to her all of life became beautiful and full of meaning.a
 a
 Solon I. Bailey, “Henrietta Swan Leavitt,”   Popular Astronomy    (April ): .
 Type I Cepheid Variables
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 Figure ..   The period-luminosity relation for Type ICepheid
 variable stars, discovered by Henrietta Leavitt. The period of
 oscillation of the star's luminosity relates directly to its intrinsic
 luminosity, here plotted in units of the Sun's intrinsic luminosity.
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 either of the other distance techniques previously
 discussed. Type I Cepheid variable stars turned out
 to be the new class of standard candles astronomers
 were looking for. The hunt to discover more
 Cepheids was on. Once astronomers had located a
 Type I Cepheid variable and had determined its
 luminosity oscillation period, they could determine
 the intrinsic luminosity of the star. Given the
 intrinsic luminosity and the apparent luminosity
 measured through a telescope, they could use the
 distance-luminosity relation to calculate the star's
 distance. Type I Cepheid variables quickly became
 a very important class of standard candles in
  astronomers' toolkit. 
 The first Cepheid variable star ever found, Delta
 Cephei (hence the name for the class of variable
 stars), is close enough that astronomers could
 compare parallax and Cepheid variable distance
 measurement techniques to see that they agreed
 with each other to within experimental error. Since
 the physical processes involved in Cepheid variable
 stars are independent of the assumptions of par-
allax measurements, the two techniques ultimately
 are independent of each other. Such independent
 checks are important to scientists. When there are
 multiple, independent measurement techniques
 yielding the same result, it increases our confi-
dence in our results.
 With results such as these, astronomers began
 applying the Cepheid variable techniques to
 known Cepheid variable stars as well as newly dis-
covered Cepheids. By  Harlow Shapley (–
 ) was able to determine that the Large Magel-
lanic Cloud was , light years away from
 Earth, and the Small Magellanic Cloud was eighty
 thousand light years away. There are two as-
tounding things about Shapley's results. First, our
 current best distance determination for the Large
 Magellanic Cloud is , light years away. So
 Shapley's  results are remarkably close to our
 more accurate contemporary measurements.
 The second astounding thing about Shapley's
 work is that the Large Magellanic Cloud was deter-
mined to be forty thousand light years farther
 away than the best Milky Way distance measure-
ments confirmed in . This implied that either
 the Milky Way was bigger than had been suspected
 or that there was something outside of our galaxy.
 Shapley's results turned out to be the first evidence
 that that there are other galaxies besides ours.
 Going Further: Inference to the Best Explanation
  and Distance Measurements 
 Multiple independent measurements of distant stars agreeing in their results strengthen our confidence in a star's ac-
tual distance. This is an example of inference to the best explanation described in section ... If each measurement
 technique depends on physical principles that are independent of the other measurement techniques, then each mea-
surement technique will produce a result that fits in an independent class of evidence. The more independent classes of
 evidence astronomers have that agree on the distance of a star, the stronger their confidence is that the star's distance
 is being accurately determined. The best explanation for the agreement across independent measurement techniques
 and classes of evidence is that the measurement techniques are genuinely determining the star's distance. That such
 independent techniques would all yield the same results for a star by accident is wildly improbable. Moreover, the sheer
 amount of work required to “rig” all the different methods to yield the same result for one star is too great for anyone
 interested in truth to invest in. Furthermore, rigging such things for one star offers no guarantee that the agreement
 would hold for any other stars. The best explanation for the agreement is that the different techniques are measuring a
 star's genuine distance from Earth.
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 Prior to Shapley's results, the Magellanic Clouds
 were thought to be   stellar nebula, dense clusters of
 stars where star formation was thought to take place,
 but located in our galaxy. The power of Cepheid
 variable stars as distance measures allowed astron-
omers not only to accurately determine the size of
 the Milky Way but also to demonstrate that there are
 other galaxies besides ours. Overnight, it seemed,
 the size and complexity of the known universe had
 expanded, overturning centuries of accepted beliefs
 about the cosmos. In a nutshell, this is the story of
 twentieth-century astronomy: go to sleep one night,
 wake up the next morning to discover the known
 universe has doubled or quadrupled in size. This is
 a pattern that has continued through the decades.
 For example, Edwin Hubble (–),
 perhaps one of the best-known names in twentieth-
century astronomy, used the period-luminosity
 relation to determine in  that stars in the An-
dromeda Galaxy were eight hundred thousand light
 years away. As with the Magellanic Clouds, astron-
omers had thought that Andromeda was a nebula
 within the Milky Way, but Hubble's results implied
 that the known universe was four and a half times
 larger than was thought based on Shapley's earlier
 work. Subsequently, Hubble applied further correc-
tions to his measurements upon discovering some
 additional subtleties that needed to be taken into
 account. His new, more realistic results put An-
dromeda at about two million light years away. That
 is another increase in the size of the known uni-
verse by a factor of two and a half.
 ... Type Ia supernovae as standard candles.   And so it
 went from decade to decade until late in the s,
 when astronomers reached the limits of Cepheid
 variable and other variable star techniques not dis-
cussed in this chapter. Basically, one billion light
 years away is the limit for accurately determining a
 Type  Cepheid variable star's luminosity oscillation
 period. Hence, by the early s distance measure-
ments for the universe plateaued at one billion light
 years, an unimaginably large distance. It seems
 history repeats itself, however. Having reached the
 natural limits of Cepheid variables as standard
 candles, astronomers could not say whether they
 had plumbed the size of the universe or whether
 there was more remaining beyond our ability to
 discover. What they needed was another candidate
 for a standard candle that was brighter than the
 brightest Cepheids so astronomers could probe
 beyond the one-billion-light-year distance mark.
 What is brighter than the brightest star? An ex-
ploding star! And the brightest of stellar explosions
 are supernovae. We will say more about super-
novae in chapter nine, but for now let's focus on 
 how a particular class of supernovae could serve
 the role of standard candles.
  Figure .  shows two photographs of the same 
 galaxy, NGC. The left-hand photo shows a su-
pernova that took place in , known as
 SNfk, taken from a ground-based telescope at
 the Lick Observatory in California. One thing that
 stands out is that the supernova is several times
 brighter than the entire galaxy. Such a luminous
 event is easily observed from a variety of tele-
scopes. Now compare this with the photo on the
 right, taken three years later from the Hubble
 Space Telescope, named after Edwin Hubble. The
 small blue-green circle shows where the supernova
 had occurred. NGC had returned to its normal
 appearance. These pictures illustrate how powerful
 supernovas could be as standard candles if astron-
omers could discover a regularity that could be
 used for such purposes. Of course, astronomers
 had known about supernovas and their brightness
 for a long time, but until the late s, no regular
 supernova explosion patterns useful as standard
 candles had been confirmed.
 In  astronomers confirmed such a regu-
larity for a special class of supernova explosions
 known as   Type Ia, where the explosion is largely
 driven by the fusion of carbon atoms taking
  13 
 The first recorded observation of a supernova was in , with
 records in China, Europe, and the Middle East. The first system-
atic studies of supernovae were conducted by Tycho Brahe,
 beginning in . See North,   Cosmos, -.
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 place everywhere in the star, leading to a carbon-
detonation explosion. Looking at the upper plot
 in figure ., you see several curves where the 
 intrinsic brightness of the explosion grows to a
 peak rather rapidly and then decreases more
 slowly over time. The curves certainly are sug-
gestive of a consistent pattern of behavior for
 Type Ia explosions. This suspicion was confirmed
 in  when it was discovered that there is a re-
lationship between the peak luminosity and the
 rate at which the light curve drops off (basically,
 the brighter the supernovae, the slower the light
 curve decays). Using this relationship, an em-
pirically based mathematical transformation
 maps all the curves in the upper plot into one
 characteristic curve for how the intrinsic
 brightness behaves over time. This is the kind of
 regular pattern that astronomers could use, com-
bined with the distance-luminosity relation, to
 develop a new standard candle for astronomical
 distance measurements: observe the apparent
 luminosity corresponding to the peak intrinsic
 luminosity from the brightness curve and cal-
 culate the distance. 
 Astronomers use a protocol for supernova ex-
plosions. When any telescope detects a super-
nova explosion, a message is sent to telescopes
 worldwide so that as many as
 possible can observe the su-
pernova explosion for as long as
 it is visible. This includes both
  ground-based and space-based 
 telescopes. The history of that
 explosion is recorded and
 studied. If it is found to be of the
 class Type Ia, then the distance-
luminosity relation can be used to
 estimate its distance from Earth.
 Using Type Ia standard candles,
 astronomers have been able to
 calculate distances of as much as
 ten billion light years away.
  Figure .  shows a Hubble 
 space-telescope picture of a supernova that is
 about . billion light years away. If you start
 with the top picture, the little white square at the
 bottom left is magnified in the lower images,
 with red lines indicating the galaxy of interest.
 Figure ..   Supernova SNfk observed at its peak brightness in  compared with a photograph
 of the same galaxy (NGC ) three years later, well after the dimness had subsided. The small
 blue-green circle in the photo on the right shows where the supernova had previously taken place.
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 Figure ..   The top diagram shows the rise and fall of Type Ia
 supernovae intrinsic brightness. When suitably scaled in time (bottom),
 the brightness curves match, revealing a pattern of behavior for Type
  Ia supernovae. 
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 You can compare the brightness of supernova
 Type Ia SN UDSWil with its host galaxy when
 the galaxy's light has been subtracted. God's uni-
verse is grand indeed!
 Let's wrap up our distance discussion with
  figure .. This shows a comparison of several 
  astronomical-distance measurement techniques 
 (there are several more than we have been able to
 discuss here). One thing to note is that all of these
 techniques have distance ranges where they
 overlap with other techniques. Just as parallax
 measurements could be used to independently
 check the accuracy of Cepheid variable tech-
niques, note that Type Ia supernovae techniques
 overlap with several other techniques. The
 physical principles—regularities of creation—
 responsible for these techniques are distinct, so
 independent confirmation can be obtained for
 these distance measurements. This is the same
 Figure ..   AHubble Space Telescope picture magnified to reveal
 a Type Ia supernova explosion in a galaxy over ten billion light
  years away. 
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 Figure ..   A comparison of various astronomical distance measurement techniques.







[image: ]
  140 
  PART TWO: COSMIC ORIGINS 
 situation for all of our known astronomical-
distance measurement techniques. Astronomers
 can check them against one another for the dis-
tance ranges where they overlap and should agree.
 They are independent of one another, so astron-
omers have multiple independent ways of making
 distance measurements and checking them. The
 agreement of these multiple independent dis-
tance measurements gives astronomers a high
 degree of confidence in the immense distances
 they are measuring (see “Going Further: In-
ference to the Best Explanation and Distance
  Measurements” above). 
 In the next chapter, we will explore our under-
standing of the Doppler shift and gravity to see
 how astronomers determined that the universe is
 growing in size. Atomic spectra played an im-
portant role in this story too. We will then be in a
 position to focus on our contemporary theories of
  the universe's origins. 
[image: ][image: ]
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  THE EXPANDING UNIVERSE 
  THIS CHAPTER COVERS: 
 Geocentric to heliocentric models for the
  solar system 
  The cosmological principle 
 Newton's law of gravity
 Einstein's general relativity theory
  The Doppler shift 
 The expansion of the universe
 From ancient times to the second decade of the
 twentieth century, the common belief was that,
 however it originated, the universe always had a
 fixed, unchanging size. This is what people meant
 when they referred to the universe as   static. We
 have seen how astronomers use several regularities
 of creation to determine the size and composition
 of the universe. But discovering that the universe
 is immensely larger than the ancients had thought
 does not tell us whether the universe's size is
  changing over time. 
 In this chapter we will focus on how astron-
omers discovered that the universe is   dynamic,
 expanding in size over time. To tell this story, we
 will start with the most radical change of the
 West's cosmological views—the shift from an
 Earth-centered to a Sun-centered solar system—
 which   did not   shake anyone's belief that the uni-
verse's size had never changed. This shift only
 changed our views about how the universe was
 structured. We will then go through the history
 of scientific discoveries that led to the con-
clusion that we live in a dynamic rather than a
  static universe. 
  7.1. THE SHIFT FROM GEOCENTRIC 
  TO HELIOCENTRIC MODELS 
  FOR THE UNIVERSE 
 Belief in a static universe certainly agreed with all
 our observations prior to the twentieth century. In
 ancient Egypt and Mesopotamia, for example,
 when priest-astronomers looked at the night skies,
 they saw the same stars with their unaided vision
 as we do today (when we are not in a light-polluted
 environment). They identified the same constella-
tions of stars as we do (though named them differ-
ently), observed the regular motions of the Sun
 and Moon (though they thought the Sun orbited
 around the Earth—a   geocentric   cosmology), and
 noted the peculiar motion of the planets (“wan-
dering stars”). For classic Greek astronomers and
 natural philosophers, this uniform observational
 experience of a perfect, changeless heaven was
 connected to the idea that the universe was eternal.
 Classical Greek cosmology, exemplified in the
 works of Eudoxus (ca. – BC) and Aristotle,
 reached a pinnacle in Ptolemy's model of the uni-
verse (fig. .). This cosmology dominated Western 
 thought for centuries. With the rise of Christianity
 there was some rethinking of Greek cosmology.
 After about two centuries of struggle, early
 Christian theologians come to the conclusion that
 Christ's being Creator of all things implies that the
 cosmos had a beginning instead of being eternal.
 This shift to a created universe, in turn, influenced
 Islamic astronomy and natural philosophy. The
 idea of a static, unchanging, though created, uni-
verse remained part and parcel of medieval and
  Renaissance European thought. 
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  Figure .  is a typical illustration of the Ptol- 
emaic model of the universe, with Earth at the
 center, orbited by the Moon, Sun, and planets,
 surrounded by a sphere of stars that rotates once
 every twenty-four hours. This model of the uni-
verse dominated Western and Islamic thought
 into the seventeenth century. A central feature of
 this system is that the Moon, Sun, planets, and
 stars were believed to move in uniform circular
 motion. From Pythagoras (– BC) forward,
 virtually everyone in the Western world believed
 that the heavens were a realm of perfection and
 that uniform circular motion was the motion of
 perfection because the circle was thought to be
 the most symmetric geometric shape.   These are
 clearly metaphysical beliefs, but they are beliefs
 1
 Until Brahe embarked on his ambitious astronomical observa-
tions in the sixteenth century, astronomers did not have appro-
priate data to determine that the planets moved in ellipses rather
  than circles. 
 that were taken to have physical conse-
quences for the celestial realm.
 Moreover, from Pythagoras forward,
 virtually everyone in the West believed
 that the Earth was a sphere, as were the
 Moon, Sun, and planets.   Early Chris-
tians inherited all of these astronomical
 beliefs, accepted them, and read them
 into biblical texts well into the seven-
teenth century.   The most notable ex-
ception to the standard beliefs in the
 perfection of the celestial realm was
 John Philoponus (–), who
 argued that a clear implication of the
 doctrine of creation is that there are no
 hierarchies in created being—the ce-
lestial and terrestrial are alike in being,
 in contrast to Pythagorean, Platonic,
  and Aristotelian thought. 
 In the seventeenth century there was
 a shift—sometimes misleadingly called
 the Copernican revolution—from a geo-
centric to a   heliocentric   view of the uni-
verse, where the Sun is at the center and the Earth
 orbits it.   Nicolaus Copernicus (–) did
 propose a   heliostatic   model, where the Sun was
 stationary and the Earth orbited it, but the Sun was
 not located at the center of the universe. Though
 many people think that Copernicus was the first to
 propose a heliocentric model, he was not the first
 2
 It is an Enlightenment myth that belief in a flat Earth persisted
 well into the medieval period (see Lesley B. Cormack, “Myth :
 That Medieval Christians Thought That the Earth Was Flat,” in
 Galileo Goes to Jail and Other Myths About Science and Religion,
 ed. Ronald Numbers [Cambridge, MA: Harvard University
 Press, ], -). Pythagoras's arguments in favor of a spher-
ical Earth, though metaphysical and based on symmetry consid-
erations, won the day against flat-Earth views.
 3
 See Christian Wildberg, “John Philoponus,” in   Stanford Encyclope-
dia of Philosophy, http://plato.stanford.edu/entries/philoponus/, 
 accessed August , ; and Richard R. K. Sorabji, ed.,   Philo-
ponus and the Rejection of Aristotelian Science   (New York: Cor-
nell University Press, ).
 4
 On the misleading title “Copernican revolution,” see I. Bernard
 Cohen,   Revolution in Science   (Cambridge, MA: Belknap, ),
  -. 
 Figure ..   An illustration of the Ptolemaic model for the universe. It is a geocentric universe
 with the Earth fixed at the center and everything else revolving around it.
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 person in the West to do so. Philolaus (–
 BC), a follower of Pythagoras, was the first person
 in the West to propose a heliocentric system, with
 the Earth moving around the Sun. The model did
 not gain many followers given that it was incon-
sistent with what was believed to be true about the
 perfect nature of the heavens. Aristarchus of Alex-
andria (– BC) offered a much more com-
plete heliocentric model, but it was criticized by
 Cleanthes the Stoic (– BC) as being impious
 for putting the Earth in motion and the heavens at
 rest. Seleucus the Babylonian (who lived around
  BC) argued for Aristarchus's model, but the
 two most influential astronomers of these early
 centuries, Hipparchus (– BC) and Ptolemy
 (ca. AD –), rejected it. Once Ptolemy com-
pleted his version of a geocentric model, its spec-
tacular success led to heliocentric ideas being
 largely forgotten. The one exception is a small
 number of Islamic astronomers, who in the
 eleventh through thirteenth centuries appear to
 have explored some heliocentric ideas. We largely
 have Johann Kepler (–) and Isaac Newton
 (–) to thank for the shift to heliocentric
 Going Further: Copernicus and the Loss of
 Humanity's Special Place in the Cosmos?
 One of the Copernican myths that you doubtless have heard is that his heliostatic model demoted human beings by re-
moving us from our special place—the center of the universe. This is utterly false. No one prior to Copernicus, nor even
 during his day, thought of the Earth as being in a particularly special, privileged location. In fact, from Aristotle's time
 forward common thought in the West was just the opposite.a  This is another Enlightenment myth that is still alive today.
 For instance, Neil deGrasse Tyson writes,
 Every time we make an argument that we're special in the cosmos, either that we are in the center, or that the
 whole universe evolves around us, or that we are made of special ingredients, or that we've been around since
 the beginning, we learn the opposite is true. In fact, we occupy a humble corner of the galaxy, which occupies
 its own humble corner in the universe.
 He uses this to justify his claim that we are “cosmically insignificant.”b
 This myth actually turns on the fallacy of equivocation. There are two different senses of centrality. The first is cen-
trality as spatial location—being located at the spatial center of the universe. The second is centrality as central to
 God's plan and purposes. To be central in God's plan in no way requires humans to be spatially located in the center of
 the universe (or made of special ingredients, etc.), and virtually every thinker well into the seventeenth century was
 clear on these two notions of centrality. The first person we know of to elide these two notions of centrality was Cyrano
 de Bergerac (–), though Bernard le Bovier de Fontenelle (–) appears to have set the Enlightenment off
 in the direction of thinking that loss of central location was equivalent to loss of specialness. Yet it is a simple logical
 fallacy. Therefore, to dismiss human specialness, as Tyson does, because we are not located in the center of the universe
 or are made of the same materials as everything else in the cosmos, is to equivocate on these distinctly different notions
 of centrality, leaving God's plans and purposes completely out of the picture.
 a
 See Dennis R. Danielson, “Myth . That Copernicanism Demoted Humans from the Center of the Cosmos,” in   Galileo Goes to Jail and Other Myths About
 Science and Religion, ed. Ronald Numbers (Cambridge, MA: Harvard University Press, ), -.
 b
 Neil deGrasse Tyson, “The Lives and Deaths of Stars (I),”in   Welcome to the Universe: An Astrophysical Tour, by Neil deGrasse Tyson, Michael A. Strauss, and
 J. Richard Gott (Princeton, NJ: Princeton University Press, ), .
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 models (Copernicus's work had rather little in-
fluence on how astronomy and natural philosophy
 developed over the decades after his death).
 Why was Ptolemy's geocentric model so long
 lasting? It was consistent with the best scientific
 understanding available—Aristotle's natural phi-
losophy. Key components of this natural philosophy
 were Aristotle's theories of   natural place   and   natural
 motion. On this view, there are four terrestrial ele-
ments: earth, water, air, and fire, with earth being
 the lowest grade of being and the densest of the ter-
restrial elements, while fire is the highest and least
 dense. The element earth's natural place was the
 very center of the universe, with water on top of it;
 meanwhile, fire's natural place was to be as close to
 the celestial realm as possible, with air next to it. If
 moved from its natural place, the element earth's
 natural motion is to make a straight line toward the
 center of the universe (hence, rocks fall to the
 Earth's surface when we pick them up and drop
 them). In contrast, if fire is moved from its natural
 place, it makes a straight line for the celestial realm
 (hence, flame shoots upward when a candle is lit).
 Copernicus's heliostatic model was known to be
 inconsistent with the best science of the day. Until
 Aristotle's natural philosophy was dismantled and
 replaced, a heliocentric universe was simply incon-
ceivable as anything other than an interesting
 mathematical model. Aristotle's theories of natural
 place and natural motion adequately explained our
 experience of motion and other forms of change
 until precision instruments such as the pendulum
 clock were developed in the seventeenth century.
 Thus there was no contextually relevant reason to
 replace his theories with anything else. Galileo
 5
  Cohen. 
 6
 This hierarchy of the terrestrial elements provided another reason
 why Copernicus's model could not be considered as anything
 other than a mathematical curiosity. The celestial realm was a
 realm of perfection and was made of a fifth element called quin-
tessence or ether. In contrast, the terrestrial realm was a place of
 imperfection and elements of a substantially lower grade of being.
 Hence, it was literally impossible that the Sun could be at the cen-
ter of the universe with the Earth orbiting in the heavens.
 played an important role here in that his studies of
 motion were the first clear, contextually relevant
 evidence that Aristotle's natural philosophy was
 incorrect (see “Going Further: Galileo's Evidence
  Against Geocentrism” below). 
 Two important developments were crucial to
 overturning Aristotle's natural philosophy. First,
 Kepler carefully determined that the planets do not
 move in perfect circles but in ellipses. Second,
 Newton unified celestial and terrestrial motions
 under the same set of laws, vindicating Philoponus
 and Galileo's insights based on the doctrine of cre-
ation, that there was no distinction between the ce-
lestial and terrestrial realms regarding quality or
 grade of being. These developments completed the
 dismantling of the Aristotelian view and construction
 of a new scientific view of the cosmos. This made it
 possible to consider the heliocentric system as a
 viable, realistic model of the cosmos. Newton's laws of
 motion and his universal law of gravity provided the
 first theoretical demonstration that the Sun had to be
 at the center of the solar system. Experimental con-
firmation of heliocentrism came decades later, from
 Bessel's  parallax measurement (§ ..).
 On the new heliocentric model, though, people
 still thought that the stars were arranged in a
 sphere surrounding the solar system. Recall it was
 not until Bessel's successful parallax measurement
 that the first valid distance determinations were
 made. It was only with valid distance measure-
ments that astronomers came to realize that the
 stars were not arranged in a spherical shell sur-
rounding the solar system. Still, even though the
 stars were not arranged in a sphere, no one had any
 reason to think that the universe was anything
 other than fixed in size.
  7.2. THE COSMOLOGICAL 
  PRINCIPLE 
 To proceed with the story, we need to introduce a
 principle playing an important role in the work of
 astronomers and cosmologists, called the   cosmo-
logical principle. It is an empirical discovery for
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 which we have amassed good supporting evidence
 (it is a provisional rather than a proven truth; § .).
 In a nutshell, the principle says that the universe is
  homogeneous and isotropic. 
 ... A homogeneous universe.   The universe being
 homogeneous   means that whenever astronomers
 measure a property, such as the density of matter
 in the universe, that property turns out to be the
 same everywhere on larger and larger distance
 scales. If you are just looking at our solar system,
 it looks quite unique, with nothing else like it any-
where close by. Nonetheless, as you move out to
 larger and larger distance scales, the average
 density of hydrogen and helium, the distribution
 of stars, and the distribution of galaxies become
 similar. In other words, though there may be lots
 of highly localized variations, as one looks at
 larger and larger volumes of the universe, the
 density of matter approximates the same average
 value more and more. The upshot of homogeneity
 is that there are no special places in the universe;
 the average density of matter is roughly the same
 across the universe. Put differently, at the largest
 scales the density and composition of matter in
 the universe tends to smooth out. Hence, as-
suming that the universe as a whole is homoge-
neous is a very good approximation as we increase
  the distance scales. 
 ... An isotropic universe.   The universe being   iso-
tropic   means that every direction we look from
 Earth, the universe's properties are the same on
 larger and larger distance scales. In other words,
 there are no preferred directions. For instance, at
 night when you gaze at the sky, there is one di-
rection that appears special: the direction of the
 Moon. Yet, as you look farther and farther out,
 taking in larger and larger volumes of the uni-
verse, each direction you look appears approxi-
mately the same. Looking out at larger and larger
 distances, you see the same number of galaxies
 on average in any direction. As with homogeneity,
 isotropy holds only as we move to larger and
 larger distance scales. As these distance scales
 increase, the uniformity of the different direc-
tions of observation increases.
 You might think that if the universe is homoge-
neous, then it should be isotropic, but these are
 actually distinct properties. Suppose you were
 Going Further: Galileo's Evidence Against Geocentrism
 It is sometimes thought that Galileo's astronomical observations provided clear evidence that the Copernican model
 was correct and Ptolemy's incorrect. But this is also a myth. By the time Galileo published his   A Dialogue of Two Chief
 World Systems   in , most astronomers had adopted a modified geocentric model devised by Brahe. His model had the
 Earth at the center of the solar system, with the Sun and Moon orbiting around the Earth. The rest of the planets orbited
 around the Sun. This model was consistent with all of Galileo's astronomical evidence (including the observed phases of
 Venus). Furthermore, it was consistent with Aristotle's theories of natural place and natural motion and even respected
 the strict terrestrial/celestial distinction. Therefore, Galileo's astronomical efforts were recognized at the time as being
 evidentially inadequate to overturn geocentrism by everyone except Galileo (he conveniently left Brahe's model out of
 all his analyses and arguments against geocentrism, creating a forced-choice fallacy between the Ptolemaic and Coper-
nican models). In contrast, his studies of motion produced the evidence needed to start reexamining Aristotle's theories
 of natural place and natural motion.a
 a
 There were other compelling scientific arguments against Copernicus and Galileo at the time as well. See Christopher M. Graney,   Setting Aside All Au-
thority: Giovanni Battista Riccioli and the Science Against Copernicus in the Age of Galileo   (Notre Dame, IN: University of Notre Dame Press, ).
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 floating on Lake Michigan. Everywhere you moved
 around the lake it would have the same density of
 water and would look the same to you. In contrast,
 if you were to look perpendicular to the waves, you
 would see very different patterns from when you
 were looking parallel to the waves. Lake Michigan
 is homogeneous but not isotropic.
 ... Uniformity of the universe.   The cosmological
 principle is a formal way of stating the idea that
 there are neither special places nor special direc-
tions in the universe at the largest scales. Every-
where you go and every direction you look out, you
 find the same kinds of stars, galaxies, and electro-
magnetic radiation. One implication of this prin-
ciple is that the universe has no center—that is, no
 place that can be specially distinguished as the
 center. This is related to the special nature of the
 Big Bang, as we will see (chap. ). 
 The cosmological principle is a refined ex-
pression of our common-sense assumption that
 nature is uniform. The same laws hold everywhere
 in the universe. The same matter is found every-
where in the universe. The constants of nature have
 the same values everywhere in the universe. In
 short, the universe's nature is the same everywhere.
 Theologically, this uniformity is related to the doc-
trine of creation and   ontological homogeneity   (
 §
 .), the idea that everything created is of the same
 order of being: it is creature. Greek philosophical
 thought tended to privilege the celestial realm over
 the terrestrial, and spirit or mind over matter. In
 contrast, the biblical view is that there is no dis-
tinction between the terrestrial and celestial
 realms, and there is no hierarchy in creation where
 the spiritual is somehow better or more real than
 the material. These ideas were tremendously im-
portant in the development of modern science.
 7
 Robert C. Bishop, “God and Methodological Naturalism in the
 Scientific Revolution and Beyond,”   Perspectives on Science and
 Christian Faith    (March ): -.
 Going Further: Newton's Universal Law of Gravity
 According to Newton's law of gravity, every material
 body exerts a force or pull on other bodies, which
 we call gravity. If two bodies of mass   m   and   m   are
 a distance   r   from each other, then the gravitational
 force is given by the product of their masses divided
 by the distance squared with a constant of propor-
tionality we call Newton's constant, traditionally
 denoted   G. Newton studied several different exam-
ples of gravitating phenomena (such as projectile
 motion near the Earth's surface, the orbit of the
 Moon around the Earth, and the orbit of the planets
 around the Sun) to develop his famous law. Based on these examples, he used induction to generalize his conclusions to
 hold for all material bodies in the universe (§ ..). Looking at the expression for the gravitational force in figure ., we 
 can see that as the mass of a body increases, its gravitational attraction on other masses increases. We can also see that
 as the distance between two masses increases, the force of gravity weakens far more rapidly than any effects of increas-
ing or decreasing a body's mass. With the exception of a particular feature of Mercury's orbit, this universal assumption
 appeared to be confirmed by all of our theoretical and experimental work up to the time of Einstein's breakthroughs.
  m1 
  m2 
  F1 
  F2 
 r
  r2 


 =
 G
  F1 
 =
 F
 2
  m1 
  m2 
 Figure ..   Newton's famous equation describing the gravitational
 pull between two masses.
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 The cosmological principle is a modern extension
 of the idea that the celestial realm is made out of
 the same matter and operates by the same prin-
ciples as the terrestrial realm. It is part of creation's
 contingent rationality (§ ..).
  7.3. EINSTEIN'S THEORY OF 
  GENERAL RELATIVITY 
 The cosmological principle does imply that the uni-
verse is not hierarchically ordered, contrary to Ar-
istotle's natural philosophy. But by itself the prin-
ciple does not imply anything about whether the
 universe has always been the same size or is
 growing. So how did we discover that the universe
 actually is expanding? One clue is offered by the
 new understanding of gravity that Albert Einstein
 provided early in the twentieth century.
 ... Newton's law of gravity.   Newton's theory of
 gravity and laws of motion provided the basic
 framework for understanding the motion of planets
 and the structure of the cosmos since the end of the
 seventeenth century until Einstein's discoveries in
 the early twentieth century. Much work in the s
 and s went into Newtonian orbital mechanics
 to understand the motion of the planets, comets,
 and asteroids. These are quite difficult problems be-
cause scientists have to take the gravitational at-
traction of all the planets and the Sun into account
 when calculating the trajectory of a comet.
 Newton's theory of gravity was remarkably suc-
cessful. The outermost known planet, Uranus, was
 a notable exception for a while. Calculations for its
 orbit deviated from the observed orbit. This mis-
match might be explained by the difficulty of the
 calculations or perhaps by some failing of New-
ton's theory (see § .. for a sketch of how these
 calculations were made). No one thought it was
 sensible to give up on Newton's other wise-
successful theory because there was a problem
 with getting Uranus's orbit right. In  Mary
 Somerville (–) suggested a hypothetical
 planet disturbing Uranus's orbit could explain the
 misfit between the theoretically predicted orbit
 Going Further: Lessons from Neptune's Discovery
 Neptune's discovery illustrates several important lessons about scientific investigation. The first is that scientists do not
 drop a theory that has shown success at the first sign of trouble. Instead, they investigate what the possible causes for
 the mismatch between theory and observation might be. While there might be something wrong somewhere in the
 theory, or there might be a problem with the experimental apparatus, there might also be something missing from
 what we think we know about the world. In the case of Uranus's orbit, there was an additional undiscovered planet that
 was throwing things off. Moreover, note that the proposal of an undiscovered planet is a testable hypothesis. Astrono-
mers could use Newton's theory to calculate where a planet would have to be to throw Uranus's orbit off and then use
 telescopes to go searching to see whether the proposed planet was there or not.
 Another important lesson is that theories, such as Newton's, do not involve ad hoc assumptions and ideas. Rather, as
 systematic bodies of knowledge, they provide general principles and general methods for generating explanations and
 predictions. When there is a mismatch that defies these explanations and predictions, as in the case of Uranus, scientists
 do not start grasping for ad hoc resolutions for the problem of mismatch. Rather, they systematically investigate the
 relevant possibilities that might give rise to the mismatch. Turning up a systematic problem with an established theory
 is just as exciting to scientists as vindicating the theory because demonstrating that something is missing from the
 theory means we learn something new.
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 and the observed orbit of Uranus. Later, in ,
 Urbain Leverrier (–) and John C. Adams
 (–), influenced by Somerville's suggestion,
 independently used Newton's theory to calculate
 the mass and expected orbit of this undiscovered
 planet. On September , , based on Leverrier
 and Adams's calculations, astronomer Johann G.
 Galle (–) discovered Neptune right where
 it was predicted to be.
 The discovery of Neptune was a stunning success
 for Newton's theory. The only remaining dis-
crepancy between Newton's theory and observa-
tions appeared to be Mercury's orbit. Figure .  il- 
lustrates how Mercury's   perihelion—the point at
 which the orbit comes closest to the Sun—shifts or
 advances as the planet orbits. Part of the observed
 rate of advance could be explained as being caused
 by the effects of the other planets in the solar system.
 Yet there was a remaining contribution to the rate
 of advance that Newton's theory could not explain.
 8
 Timing turned out to be crucial. Fortunately, Galle began his
 observations very soon after Leverrier and Adams had published
 their predictions, because Neptune actually deviates from their
 predicted orbit. If Galle had delayed in searching for Neptune,
 he may have missed discovering it. This illustrates how serendip-
ity plays an important role in scientific discovery.
 As in the case of Uranus, that the advance of
 Mercury's perihelion seemed to defy full expla-
nation under Newton's laws was not considered a
 showstopper for the theory. It was assumed that an
 ultimate explanation would be found as scientists
 continued to study the problem. At the time,
 nobody seemed to suspect that this mismatch be-
tween Newton's theory and Mercury's behavior was
 a sign that Newton's theory had its own limitations.
 ... Einstein and special relativity.   Things began to
 change early in the twentieth century with Ein-
stein's work. The year  is often called Einstein's
 annus mirabilis—year of wonders—because he
 published five papers, any one of which could
 have won the Nobel Prize. That is a big year! One
 of these papers describes his theory of special
 relativity (which eventually led to his theory of
  general relativity). 
 We will discuss two important motivations for
 Einstein's pursuing and eventually developing the
 theory of special relativity. The first was that since
 a teenager he had been fascinated with a particular
 kind of question: What would it be like to ride on a
 light wave? Suppose you could turn on a flashlight
 and ride along with that beam of light. What would
 things be like if you were traveling at the speed of
 light? The young Einstein carried this question into
 his adult life as a physicist.
 The second motivation was a fundamental
 problem in physics. After Maxwell had developed
 his theory of electricity and magnetism—
  commonly called electrodynamics—scientists 
 were aware that there was an inconsistency be-
tween his theory and Newton's mechanics. At the
 time, these were our two best scientific theories in
 physics, so an inconsistency was quite puzzling.
 The puzzle was that Newton's theory has no speed
 limit, while Maxwell's does. According to Max-
well's theory, the speed of light is a fundamental
 speed limit. Nothing can travel faster than ,
 miles per second (about , kilometers per
 second) in a vacuum. However, there are no speed
  MERCURY 
  Perihelion advances 
  2° per century 
 Figure ..   Mercury's perihelion (point of closest approach to the Sun)
 slowly advances as the planet orbits the Sun. Newton's theory
 accounts for only about two-thirds of the gravitational contribution
 to the observed rate of advance.
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 limits in Newton's theory. According to Newton's
 theory, in principle any object can go any speed.
 Thus, coming into the twentieth century, our two
 most successful theories appeared to disagree on
 whether there were speed limits. No one had found
 an effective resolution to this disagreement. Ein-
stein, like many others, thought that ultimately
 there ought to be some way of unifying these two
 theories and resolving the speed-limit issue. His
 theory of special relativity provided the answer.
 There are many interesting results and features
 of special relativity; here, we will focus on one
 crucial aspect. A key feature of the theory is that
 the laws of nature are the same in all   nonacceler-
ating   reference frames. What this means is that any
 kind of physical system that is traveling at uniform
 velocity—not accelerating—shares the same
 physical laws with any other system traveling at
 uniform velocity. There are no changes in the laws
 of motion or of electromagnetic and gravitational
 forces, or constants of nature, or anything else be-
tween those kinds of systems. Of course, many had
 assumed that kind of uniformity for the laws of
 nature was correct, but Einstein was able to work
 out the details and derive predictable conse-
quences that were subsequently confirmed. This is
 yet another example of the common-sense presup-
position that creation is uniform in its operations.
 Part of this uniformity across nonaccelerating
 systems is that the speed of light is the same for all
 such systems, just as the laws of physics are the
 same (these are regularities of creation). This pro-
vides a partial answer to Einstein's childhood
 9
 There are some tricky things about infinite velocities, but that
 need not concern us here.
  10 
 A couple of further aspects of the theory of special relativity: ()
 There is no preferred reference frame for the universe or for any
 object in the universe. This means that there is no way to dis-
tinguish who is in motion and who is at rest. Only the relative
 velocities between objects are physically relevant. () Instead of
 space and time being independent entities, they are intertwined
 in one entity called   spacetime. The lengths of objects and the
 rates at which clocks tick are intimately tied to their velocities.
 See Edwin F. Taylor and John Archibald Wheeler,   Spacetime
 Physics   (New York: W. H. Freeman, ).
 question about what it would be like to travel along
 with a beam of light. Whether an observer is
 moving at the speed of light or slower, the speed of
 light remains the same, as well as the laws of
 physics. Moreover, the speed of light is inde-
pendent of the speed of the source. For instance,
 no matter how quickly a flashlight is moving, the
 speed of light emitted by it remains the same. Even
 if the flashlight were moving at  percent of the
 speed of light, the light emitted from it would still
 travel at   c, no faster. Newton's theory implies that
 the speed of the flashlight should be added to the
 speed of light to produce the total speed.
 Einstein was able to show that Newton's me-
chanics is a special case of the theory of special
 relativity, while unifying it with Maxwell's theory.
 It turns out that no material object can travel any
 faster than   c   because as an object, such as a flash-
light, moves faster and faster, it gains energy. And
 Einstein was able to show that there is a rela-
tionship between energy and mass, what has been
 called the most famous equation in the world:
 energy = (mass) × (speed of light),
  or, in symbols, 
 E = mc, 
 where   E   denotes the energy of an object and   m
 its mass. This regularity of creation means that
 as the flashlight gains speed, it also gains mass in
 the form of energy of motion. The more mass it
 gains, the more force is needed to accelerate it to
 higher speeds. As the flashlight approaches the
 speed of light, its mass approaches infinity. At
 some point, there simply is not enough force in
 the universe to accelerate the flashlight any faster.
 So even for Newton's mechanics, there is an ul-
timate speed limit. We simply do not see the gain
 in mass when objects such as cars and footballs
 are moving because at the relatively slow veloc-
ities of everyday life the gains are negligible.
 They become appreciable when velocities start
 getting close to the speed of light (e.g., protons



[image: ]
  150 
  PART TWO: COSMIC ORIGINS 
 accelerated to within a fraction of   c   at the Large
 Hadron Collider in Switzerland).
 In essence, Einstein showed that Newton's me-
chanics is part of a larger framework of physics—
 the theory of special relativity—that includes elec-
tricity and magnetism, resolves the speed-limit
 issues, and reveals a significant relationship be-
tween energy and mass. Just as Newton's work had
 unified celestial and terrestrial motions and Max-
well's theory had unified electricity, magnetism,
 and light into one framework, Einstein provided a
 unification of Newton and Maxwell's work.
 ... General relativity.   Soon after Einstein pub-
lished the special theory of relativity, he started
 working on generalizing it. This work took the next
 ten years of his life. Since special relativity applies
 only to nonaccelerating motions, gravity is not in-
cluded in the theory, since gravity is a form of ac-
celeration (if you are seated in a chair, you can feel
 the force of gravity accelerating you downward,
 pressing you into the resisting chair). Einstein
 wanted to extend special relativity to include
 gravity, so he needed to work out the theory for
 accelerating frames as well. After all, uniform
 motion is a special case of accelerated motion, so
 this is an important generalization to pursue.
 Again, a fundamental assumption for Einstein
 was that the laws of physics and fundamental
 constants, such as the speed of light, are the same
 in all accelerating systems. But the key idea for
 Einstein's pursuit of general relativity was the
  equivalence principle: 
 Equivalence Principle: Inertial mass is the same
  as gravitational mass. 
 Inertial mass is defined by the force on an object
 divided by its acceleration (recall Newton's famous
 equation,   F   =   ma, where   F   is force,   m   mass, and   a
 acceleration). So inertial mass is how much an
 object resists changing its motion due to a force
 (e.g., the resistance of a moving car to slowing down
 when you apply the brakes). But there is also gravi-
tational mass, which determines how strongly
 gravity pulls on an object. Previous to Einstein's
 work Newton had demonstrated that the gravita-
tional and inertial masses are proportional to each
 other.   The equivalence principle implies that these
 two masses are   identical. The implication, then, is
 that gravitation actually is a field of acceleration.
 What does this mean? Think of an apple falling
 from a tree. As it falls it is accelerated by the Earth's
 gravity, constantly gaining speed until it hits the
 ground. Now imagine the apple is in a stationary
 rocket ship in space, where there are no gravitating
 bodies around, what we call a weightless condition
 (think of astronauts floating in the International
 Space Station). You see the apple floating mo-
tionless in space. Now the rocket accelerates
 upward with the same acceleration as Earth's
 gravity. The apple now appears to fall toward the
 floor, constantly gaining speed until it hits the floor.
 The equivalence principle says that the apple's be-
havior would be the same if the rocket remained
 stationary and the Earth had been brought close to
 the bottom of the rocket. There would be no ex-
periment that could be performed inside the rocket
 distinguishing between the cases of acceleration
 due to Earth's gravitational force and that of the
 acceleration of the rocket ship.
 Einstein used an elevator to form a thought ex-
periment that functions like the rocket-ship ex-
ample. And he described his insight from this
 thought experiment that inertial and gravitational
 mass are the same as the happiest thought he had
 ever had.   It was a happy thought for Einstein be-
cause it is tremendously elegant and delightful,
 and also because of where it eventually led him.
  11 
  See Newton's 
 Mathematical Principles of Natural Philosophy,
 book , proposition , theorem . For discussion, see Max Jam-
mer,   Concepts of Mass in Classical and Modern Physics   (Cam-
bridge, MA: Harvard University Press, ), chap. .
  12 
 He was quite happy about his children, for instance, but they
 did not qualify as his happiest thought. This actually says some-
thing about Einstein's ability to compartmentalize and deper-
sonalize. See Walter Isaacson,   Einstein: His Life and Universe
 (New York: Simon & Schuster, ).
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 The equivalence principle implies that there is no
 distinction between gravity as a field of force and
 as an accelerating frame of reference (e.g., an ac-
celerating rocket). This was the key that unlocked
 general relativity. Though Einstein discovered this
 principle in , it took him another eight years
 to work out the implications for his famous theory.
 With the equivalence principle,
 Einstein was able to show that the
 force of gravity is the acceleration that
 a body feels as it moves through
 curved spacetime (a combination of
 space and time that results from
 special relativity). General relativity
 describes how the curvature of
 spacetime in a region is directly re-
lated to the amount of mass-energy
 concentrated in that region. As a body,
 such as the Earth, moves through this
 curved spacetime, its motion is af-
fected by that curvature. Figure . 
 illustrates this, where the Earth's
 mass-energy curves the surrounding
 spacetime somewhat like a bowl, and the Moon
 moves around the sides of the bowl. The Moon's
 orbit around the Earth is actually its attempt to
 move in the straightest line possible in the curved
 spacetime around the Earth. It is important to
 keep in mind that it is the total mass-energy that is
 warping spacetime; Einstein's mass-energy relation
 implies that any energy has an effective mass that
 contributes to the curvature of spacetime. As John
 Archibald Wheeler (Bishop's physics teacher) sum-
 marized general relativity: 
 Matter and energy tell spacetime how to curve
 (warp, bend, or stretch).
 Curved spacetime tells matter and energy how to
  move through it. 
 If there were no mass-energy anywhere around, the
 fabric of spacetime would have zero curvature
 (think of the flatness of a trampoline with nothing
 on it). Any mass-energy, however, curves spacetime
 (think of a trampoline with a bowling ball lying in
 the middle). Less mass-energy means smaller cur-
vature; more mass-energy means larger curvature.
 What happens to Newton's theory of gravity?
 That turns out to be a special case of Einstein's,
 wherein masses are too small to curve spacetime
 very much and velocities are small compared to
 the speed of light.   It is relatively straightforward
 to show that under appropriate limits we can re-
cover Newton's theory of gravity from Einstein's
 general relativity. In essence, what Einstein did in
 successive steps is discover the more general
 theory that contains Newton's as a special case of
 the deeper, more encompassing theory. The ability
 to recover Newton's theory of gravity as a special
 case of general relativity is one of the theory's suc-
cesses. Another was explaining the remaining
 gravitational contributions to Mercury's perihelion
 that Newton's theory could not.
 ... Some predictions of general relativity.
 Thinking about a trampoline as a model for the
 fabric of spacetime, suppose you were to toss a
  13 
 There are some other technical conditions that need not con-
 cern us here. 
 Figure ..   An illustration of spacetime curvature, where the Earth warps spacetime like a bowl
 and the Moon moves around the surface of the bowl. The force the Moon feels due to spacetime
 curvature is the force of gravity.
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 bowling ball into the middle of a trampoline.
 One thing you would notice is that the tram-
poline would sink, forming a depression around
 the bowling ball. This can illustrate the curvature
 of spacetime by a massive object. But you would
 also notice that there were some ripples running
 through the trampoline when the bowling ball
 landed, not unlike the ripples in a pond when
 you toss a stone in. One of the predictions of
 general relativity is that any sudden large change
 in mass-energy should generate changes in the
 curvature of spacetime that ripple outward from
 the event. These are known as gravitational
 waves. Gravitational waves were detected one
 hundred years after Einstein's prediction.
 Another prediction of general relativity is that
 since electromagnetic radiation is energy and
 there is a relationship between mass and energy,
  14 
 B. P. Abbot et al., “Observation of Gravitational Waves from a
 Binary Black Hole Merger,”   Physical Review Letters    (February
  , ), -–-. 
 light should also bend as it travels through curved
 spacetime. Figure .  illustrates the effect. The 
 top picture shows starlight passing near enough
 to the Sun moving through curved spacetime (the
 effect is exaggerated for illustration). Farther
 away from the Sun, where
 spacetime may only be negli-
gibly curved, there is no bending
 of light because light's straight-
line path through spacetime is,
 well, straight. The bottom picture
 illustrates how this effect shows
 up when observing stars. If the
 star's line of sight is close to the
 Sun, then the curvature of
 spacetime will bend the light so
 that we would observe an ap-
parent position that is different
 from the actual position of the
 star. The farther away the line of
 sight, the less curved spacetime
 is, hence the less starlight is bent.
 When the line of sight is far
 enough away from the Sun,
 spacetime has almost no cur-
vature, so there is no detectable
 difference between actual and apparent positions.
 Einstein made a prediction about how much
 deflection or bending of starlight one should see
 for stars whose lines of sight were near the Sun.
 But since the Sun is too bright to observe stars,
 everyone had to wait for the solar eclipse in 
 to make the observations. Only then would the
 Sun's light be blocked out, enabling astronomers
 to observe the stars whose lines of sight were
 nearest the Sun and to compare their observed
 positions with the actual positions in catalogs.
 Arthur Eddington (–), a Quaker and one
 of the best astronomers of the day, led one of the
 teams that performed these observations. He was
 able to show that general relativity's predictions
 were in agreement with the observations to within
 Actual position of star
  Apparent position 
  Actual 
  Apparent 
 Negligible difference between actual
 and apparent positions of star
  Sun 
 Figure ..   General relativity predicts that light will follow the curvature of spacetime (top picture).
 Therefore, the warping of spacetime around the Sun causes the actual versus apparent positions of
 the stars to differ by an amount determined by the mass of the Sun (bottom picture).
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 experimental error. When those results were
 made public, they became worldwide news. Ein-
stein became the first international science ce-
lebrity. It may be hard to imagine now, but Ein-
stein was as famous as the top movie star of the
  period, Charlie Chaplin. 
 Between these eclipse observations and the suc-
cessful explanation of Mercury's orbit, general
 relativity was destined to become the best theory
 of gravity ever developed and still holds that title.
 ... General relativity and the expanding universe.
 Since the time of Newton there was a very com-
pelling reason for thinking that the universe was
 static and unchanging: Newton's law of gravity
 seemed to imply the universe had to be static. If
 the stars were not precisely positioned so that the
 gravitational attraction was exactly balanced, then
 the universe would collapse on itself. Imagine that
 a star was slightly displaced from its perfect po-
sition. Then there would be more gravitational at-
traction in one direction than any others. This
 imbalance in the gravitational forces on the star
 would cause it to accelerate in the direction of the
 larger gravitational pull, leading to a kind of
 domino effect wherein other stars became gravita-
tionally unbalanced. Eventually all stars would col-
lapse into one another.
 What does this have to do with an expanding
 universe? In  Einstein started applying general
 relativity to study the universe as a whole. He was
 not the only physicist to think about doing this,
 but it was a challenging problem that only a few
 could attempt at the time. Using his theory, he
 created a mathematical model of the universe,
 but he discovered something disturbing. His
 model from general relativity clearly implied the
 universe has a tendency to expand and perhaps
 contract. Einstein was rather shocked at this
 result because he, along with everyone else,
 thought the universe was unchanging in size. To
 remedy what appeared to him to be an artificially
 expanding universe, he introduced what is called
 the cosmological constant. It is a term that, for
 suitably chosen magnitudes, when added to his
  15 
 Newton was aware of this potential disaster and apparently be-
lieved that not only had God placed the stars in their initial
 positions but also that he continuously intervened to keep them
 from being pulled into one another. See H. W. Turnbull, ed.,   The
 Correspondence of Isaac Newton   (Cambridge: Cambridge Uni-
versity Press, ), :-; Michael Hoskin, “Newton, Provi-
dence and the Universe of Stars,”   Journal for the History of As-
tronomy    (June ): -.
 Brief Biography: Arthur Eddington (1882–1944)
 Eddington was the Plumian Professor of Astronomy at the University of Cambridge,
 director of the Cambridge Observatory, and a Fellow of the Royal Society. He made
 important contributions to the theory of general relativity and was instrumental in
 the confirmation of the Sun's deflection of starlight in . He was knighted in 
 and received the Order of Merit in .
 Eddington was a lifelong Quaker (both of his parents were Quakers) who was
 serious about religious practice. He once remarked, “In science as in religion the
 truth shines ahead as a beacon showing us the path; we do not ask to attain it; it is
  better far that we be permitted to seek....  You will understand the true spirit 
 neither of science nor of religion unless seeking is placed in the forefront.”a
 a
  Arthur S. Eddington, 
 Eddington and the Unity of Knowledge: Scientist, Quaker & Philosopher, ed. Volker Heine (Cambridge: Cambridge University Press,
  ), , . 
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 equations exactly balances any tendency to
 expand such that the net result is a universe that
 is unchanging in size.
 There are a number of interesting things about
 Einstein's behavior in this instance. Up to this point
 in time, Einstein had a history of relishing revolu-
tionary proposals that upset long-settled views. His
 theory of special relativity did exactly this. He was
 also one of the founders of quantum mechanics,
 which transformed the status quo in physics.   Ein-
stein seemed unrepentantly rebellious in many
 ways. But with this particular discovery, he backed
 off completely, added the cosmological constant
 term to his equation, and published a model from
 general relativity that yielded the static universe
 everyone had believed in for centuries.
 Meanwhile, some other physicists were working
 on different models of the universe based on Ein-
stein's theory. They published their results shortly
 after Einstein but left the dynamic behavior of their
 models intact. Either something was wrong with the
 long-standing beliefs about a universe not growing
 in size or there was something deeply wrong with
 Einstein's theory of general relativity. Yet the theory
 had passed some spectacular empirical tests. In the
 then-absence of any observational evidence that the
 universe was expanding, it was not clear by 
 what to make of these general-relativity models of
 the cosmos. These results represented the first clue
 that our static view of the universe might be amiss,
 though this clue was not well recognized at the time.
  7.4. THE DOPPLER SHIFT 
 To get to the empirical evidence for an expanding
 universe, we need to explain an effect known as the
 Doppler shift. The Doppler shift was discovered in
 the nineteenth century but had been part of human
 experience for a long time. When an approaching
 train sounds its whistle or a fire truck blasts its siren,
 the whistle and the siren both sound like they get
 higher and higher in pitch until they pass by you.
  16 
 He later came to regret quantum mechanics. See Isaacson,   Einstein.
 Then they sound as if they are getting lower and
 lower in pitch as they are moving away from you.
 What is happening here? When the source of the
 sound waves (the fire truck's siren, say) is moving
 toward you, the frequency of the sound waves is in-
creased in direct relationship to the speed of the ap-
proaching source relative to the observer. This is
 because the source of the sound is moving toward
 you between the time of emission of one peak of the
 sound waves to the next. Successive peaks appear
 closer together for a source moving toward you.
 Conversely, when the source of the sound waves is
 moving away from you, the frequency gets lower in
 direct relationship to the speed of the receding
 source relative to the observer. Successive peaks will
 appear more widely spread apart because the source
 is moving away from you between the time of
 emission of one peak to the next.
 All waves share these same features, so light
 waves also exhibit Doppler shifts, illustrated in
  figure .. The light from a source moving away 
 from a detector appears to have lower frequency
 (wavelength lengthened), shifting it toward the
 lower-frequency end of the spectrum. We call this
 effect the   red shift   because visible light appears
 redder the faster a light source is moving away
 from a detector. Likewise, when a light source is
 moving toward a detector, its frequency appears
 shorter. This is called the   blue shift   because the
 visible light emitted by an approaching source ap-
pears shifted toward the blue end of the spectrum.
 Figure ..   The Doppler shift is an effect of relative motion. As a light
 source, such as a star, moves away from a detector, its light appears to
 be redder, whereas as it moves toward a detector, its light appears to
  be bluer. 
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 It is important to emphasize that the speed of
 the emitted waves is independent of the source.
 The only effect is due to the motion of the source
 relative to the detector: the successive wave peaks
 are taking longer to reach the detector or are
 reaching the detector more quickly depending on
 whether the source is heading away from or toward
 an observer, respectively. The amount of shift in
 the wavelength is directly proportional to the
  source's motion: 
 (shift in wavelength) / (wavelength of source)
 =
 (radial velocity of source) / (speed of light),
  or, in symbols, 
 Δλ / λ  =    v
 r / c, 
 where λ  denotes the wavelength emitted by the
 source, Δλ is the amount of shift in the wavelength
 a light meter detects, and   vr    is the radial velocity of
 the source. This is yet another regularity of creation
 that astronomers can use to study the universe.
 The radial velocity is the velocity along the line
 of sight—that is, the velocity an object is moving
 toward or away from us (fig. .). The equation for 
 the Doppler shift relates the detected shift in the
 wavelength due to the motion of the object toward
 or away from the detector. Once   vr    is measured, the
 velocity of the star,   v, can be calculated. This is the
 basic idea behind police radar guns. The gun
 shoots radar waves at your car, which are reflected
 back from your car to the gun. All this takes place
 along the line of sight, as illustrated in figure .. 
 Using the Doppler shift equation,   v
 r
  can be deduced 
 from the shift, Δλ, measured by comparing the
 original wavelength of the radar against the wave-
length of the reflected radar waves. Your car causes
 the reflected radar waves to act like your car is the
 source of these waves, so the motion of your car
 will cause a shift in the original wavelength due to
 its motion. If the radar gun is properly lined up
 with your approaching car, an accurate determi-
nation of your speed can be made.
 Astronomers basically use the same technique.
 By observing the light coming from stars, we can
 determine whether they are moving toward or
 away from Earth. Figure .  illustrates this. Recall 
 from chapter six  that emission and absorption 
 spectra for each element are unique. By using a
 spectrometer, astronomers can measure the
 spectral lines of the light received by the telescope.
 Astronomers know precisely where each spectral
 line for the element hydrogen, say, is located on the
 electromagnetic spectrum and the precise dis-
tances between each line. Moreover, from Ein-
stein's special relativity and its tests, astronomers
 know that a moving source does not change the
 energy-level structure of atoms. Therefore, the
 motion of galaxies will not affect the unique
 spectral fingerprints of the light emitted from stars
 that are moving toward or away from us in any
 other way than to shift the entire spectrum uni-
formly toward the red or blue ends of the spectrum.
 If a star is exactly motionless relative to us, its hy-
drogen lines will line up exactly with the lines we
  17 
 By the way, there is a wide range of angles for a radar gun's
 alignment that will give a valid reading of whether you are
 speeding or not. Looking at fig. ., if the radar gun measures 
 your radial velocity to be seventy in a fifty-five-miles-per-hour
 zone, by a simple trigonometry relationship the velocity trav-
eled along the road must be   higher   than seventy. So the police
 officer can legitimately give you a ticket.
  18 
 Historically, astronomers were using these techniques decades
 before radar guns were invented. This is a case where law en-
forcement learned something from astronomers!
  vr 
 v
  Earth 
 Figure ..   The radial velocity,   v
 r, is the velocity of an object measured
 along the line of sight from a telescope to the moving star. Doppler
 shift measurements allow astronomers to determine   v
 r. Using   vr, the
 star's velocity,   v, can be calculated.
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 detect from hydrogen in laboratories on Earth (top
 panel in fig. .). This is a regularity of creation. We 
 also know that if a light source is in motion, the
 speed of the emitted light will not change (another
 regularity of creation). According to the Doppler
 shift, the wavelength will undergo a shift that is
 directly related to the source's radial velocity (yet
 another regularity of creation). Therefore, if as-
tronomers are observing a galaxy and see that the
 hydrogen lines have exactly the same spacing but
 are shifted uniformly toward the blue end of the
 spectrum (middle panel in fig. .), then they can 
 conclude that the galaxy is moving toward Earth
 and can calculate the speed with which it is ap-
proaching Earth. Similarly, if they observe the hy-
drogen lines are shifted uniformly toward the red
 end of the spectrum (bottom panel of fig. .), as- 
tronomers can deduce that the galaxy is moving
 away from Earth and determine the speed at which
 it is receding from Earth. Consequently, measuring
 Doppler shifts is a very powerful way of combining
 several of creation's regularities to learn about the
 universe. Figure .  gives another illustration of 
 these regularities, showing how the spectral lines
 all shift uniformly when the source is in motion
 relative to a detector at different distances.
 ... Doppler shifts and the expanding universe.
  Figure .  is an example of the kind of data pro- 
duced in such Doppler shift measurements of hy-
drogen for very luminous objects called quasars.
 The top spectrum is hydrogen at rest with respect
 to the laboratory, where a spectrometer could an-
alyze the spectrum. The other four spectra are
 from quasars observed from the Kitt Peak Obser-
vatory. As you move down the figure, each suc-
cessive quasar spectrum is red-shifted.
 It is customary to denote the red shift as   z.
 Notice that as   z   increases, the spectrum of hy-
drogen is uniformly shifted toward the red end of
 the spectrum. As the emission peaks shift to the
 right, the distance between each peak stays exactly
 the same, so we can clearly see that it is hydrogen
 in every case.   This is just as we expect for a light
  19 
 That the rest-frame spectrum is scaled differently from the four
 quasar spectra may give the appearance that the quasar spectra
 are “stretched” such that there is more distance between the
 peaks. Because the quasar spectra were measured using a dif-
ferent spectrometer on the telescope at Kitt Peak, there is a
 constant scale factor that differs between the two spectrome-
ters. If you use a ruler, you can see that the distance between the
 first and second peaks remains the same as the peaks are red-
shifted. The rest-frame spectrum is offset in the figure to indi-
cate that it should not be lined up with the others since it is not
 to the same scale. If you applied the constant scale factor to
 calibrate the two spectrometers, you would see the distance
 between the peaks is the same for the rest-frame spectrum as
 Figure ..   Three examples of a hydrogen-absorption spectrum. The
 top panel is hydrogen, stationary with respect to an observer. The
 Doppler shift will show up as a uniform shift of the entire spectrum. If
 the object is approaching the observer, the spectrum will be shifted
 toward the blue end. The middle panel shows hydrogen moving
 toward an observer at thirty thousand kilometers per second. If the
 object is moving away from the observer, the spectrum will be
 shifted toward the red end of the spectrum. The bottom panel shows
 hydrogen moving away from an observer at thirty thousand
  kilometers per second. 
 Figure ..   Emission spectra for hydrogen emissions from quasars at
 different red shifts (denoted by   z). Note that the rest-frame spectrum
 is scaled differently from the quasars.
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 source moving away from us. From the amount of
 red shift, the recession speed can be deduced for
 each quasar. The shift in the bottom spectrum in-
dicates that this quasar is moving away from the
 Earth at about one-third of the speed of light. One
 other thing to notice about this data is that as each
 spectrum is red-shifted further, the peaks broaden
 out. This is another Doppler effect called   Doppler
 broadening. This broadening is another source of
 information for astronomers, as it is related to the
 temperature of the gas being observed.
 Some of the first Doppler shift results were re-
ported by Vesto Slipher (–) in . His
 study involved fifteen different stellar nebulae
 (thought at the time to be located within the Milky
 Way).   Slipher initially was using Doppler shift
 techniques to try to determine the rotation velocity
 of these nebulae. As a nebula rotates, some of its
 stars will be moving toward us, while others are
 moving away. By measuring the various shifts in
 the hydrogen lines, Slipher could estimate an av-
erage rotation rate for the nebula. Slipher was the
 first person to get good results for average rotation
 rates, which served as an impressive demon-
stration of this new technique.
 At the time, it was expected that in such a study
 an astronomer would not see any overall red- or
 blue-shifted nebula. For a universe not growing in
 size, there would be no systematic expansion or
 contraction, so nebulae were not expected to be in
 motion other than rotation. However, Slipher's 
 results surprisingly showed that eleven out of
 fifteen nebulae were red-shifted. This was a rather
 puzzling result given the expectations at the time.
 It was thought possible that this was just a statis-
tical fluke and that after observing more nebulae
 the statistics for red shifts versus blue shifts would
 even out.   More puzzling was the overall Doppler
 for the quasars. The key point is that the structure of the five
 spectra is exactly the same no matter the red shift.
  20 
 They were later determined to be separate galaxies.
  21 
 After all, it would be surprising if eleven out of fifteen coin flips
 landed heads, but we would expect that after one hundred flips
 shifts for these nebulae, because this implied that
 they were moving with respect to our solar system.
 At the time no one suspected that these initial re-
sults could be evidence that astronomers' long-
standing beliefs about the nature of the universe
  were wrong. 
 Since Slipher did not know at the time that his
 nebulae were actually distant galaxies and his
 sample size was relatively small, a definitive inter-
pretation of his results had to wait. By  he had
 increased his sample size to twenty-five nebulae
 and determined that twenty of these were red-
shifted. Using these Doppler shift techniques, he
 determined approximate velocities for the red-
shifted nebulae. The preponderance of red shifts
 clearly defied expectations. Perhaps these nebulae
 were being expelled from the galaxy? Moreover,
 some of the nebulae had recession velocities on the
 order of two million miles per hour. Such high ve-
locities were also surprising.
 Hubble was aware of Slipher's results and com-
bined them with his own careful distance measure-
ments using Cepheid variable techniques (§ ..).
 Hubble was able to show definitively that Slipher's
 nebulae were actually distant galaxies lying far
 beyond the Milky Way. He also made a particularly
 interesting and important discovery in .
 Hubble noticed that the farther away the galaxy
 was, the more red-shifted the spectra. This led him
 to what we now call   Hubble's law,
 recession velocity of a galaxy =   H    × (distance
  from Earth), 
  or, in symbols, 
 v   =   H    ×   r,
 where   v   is the galaxy's recession velocity,   r   is the
 distance to the galaxy from Earth, and   H    is a con-
stant of proportionality named in honor of Hubble.
 It says that the speed that a galaxy is moving away
 from an observer is directly proportional to its
 the number of heads and tails would basically even out.
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 distance from the detector (fig. .). The idea that 
 the farther away a galaxy is the faster it is moving
 away was as stunning as was the result that the vast
 majority of galaxies were red-shifted. These were
 clear indications that the universe is expanding,
 that it is dynamic rather than static.
 Using Hubble's law in the s, astronomers were
 able to determine that the universe was ten to twenty
 billion years old, the difference depending on the
 exact value of Hubble's constant. This difference
 sounds enormous, but it actually is only a difference
 in a factor of two, the same size difference between
 the numbers one and two. The reason for this factor-
of-two difference lay in the difficulty of determining
 Hubble's constant. It actually took several decades for
 astronomers to refine their measurements to reduce
 the uncertainty. For decades there was disagreement
  22 
 As we briefly mentioned in chap. , note that by combining 
 red-shift measurements to determine the recession velocity
 with Hubble's law, astronomers can infer the distances of galax-
ies, quasars, and other astronomical objects.
 about whether Hubble's constant was fifty kilometers
 per second per megaparsec or one hundred kilo-
meters per second per megaparsec.   The best con-
temporary values range from . ± . kilometers
 per second per megaparsec to . ± . kilometers
 per second per megaparsec. Using the most-quoted
 value,  km/s/Mpc, the best con-
temporary value for the age of our
 universe is almost . billion
 years old. Contemporary astron-
omers have been able to test Hub-
ble's law out to distances of .
 billion light years, and the law
 continues to hold up. If the cos-
mological principle is true, we
 would expect that Hubble's law
 would hold even at the farthest
 reaches of the universe. Our
  common-sense presupposition 
 that nature is uniform in its opera-
tions is quite reasonable, indeed.
 Now return to Einstein's
 theory of general relativity.
 Recall that the models of the
 universe based on general rela-
tivity predicted an expanding
 universe, unless, like Einstein,
 one added a cosmological constant to balance the
 tendency for the universe to expand. Combining
 these theoretical clues with Hubble and Slipher's
 empirical results led to the conclusion that the
 universe is expanding and has been for as long as
 there has been a universe. Hence, in  the as-
tronomical world received yet another shock to
 go along with the series of shocks associated with
 the discovery of other galaxies aside from ours
 and the immense size of the universe.
 As would be expected from the cosmological
 principle, the universe is expanding everywhere,
  23 
 Scientists generally use metric measurements, such as kilome-
ters per second. A megaparsec is a unit of distance equal to
 . ×   meters.
 +
  1000 KM 
  DISTANCE 
  10⁶ PARSECS 
 2 × 10⁶ PARSECS
  VELOCITY 
  500 KM 
 0
 0
 +
 Figure ..   Hubble's  published data demonstrating how the recession velocity of
 galaxies increases the farther away they are. The velocities are corrected for the Sun's motion.
 The distances are measured in parsecs and are inferred from stars and mean luminosities of
 nebulae in a cluster. The black discs and solid line represent using individual nebulae, while
 the circles and dashed line represent combining the nebulae into groups. The cross is the
 mean velocity corresponding to the mean distance of twenty-two nebulae whose distances
 could not be estimated individually.
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 not just from the vantage point of Earth. Go to any
 location in the universe and make the same mea-
surements as Hubble, and you would find the same
 result: almost every galaxy is receding, and the
 farther away the galaxy, the faster it is receding.
 Astronomers measuring the same values for Hub-
ble's constant, given comparable skill and tech-
nology, would come to the conclusion that the
 universe is about . billion years old.
 Einstein visited Hubble in  and examined
 his data. He then retracted his cosmological con-
stant, referring to it as the biggest mistake of his
 life. Yet, as we will see in chapter nine, there ac- 
tually are some relevant physical considerations
 behind the cosmological constant that may have a
 role in the current expansion of the universe in a
 way Einstein could not have anticipated.
 By  observations and theoretical work con-
fidently demonstrated that the universe was ex-
panding. But whether the expansion was speeding
 up, slowing down, or remaining constant could not
 be determined at the time. To answer such ques-
tions requires a lot more careful work, to be dis-
cussed in chapter eight. In  all astronomers 
 could say was that the farther out in distance a
 galaxy was, the faster it was moving away. This is
 the case for almost all galaxies. The only exceptions
 are a handful of galaxies in our local group that are
 gravitationally bound—that is to say, are being
 pulled toward each other due to their mutual grav-
itational attraction. These galaxies, Andromeda
 being one of them, are blue-shifted. At some
 distant time in the future, these galaxies will
 collide, forming a much, much larger galaxy. As-
tronomers have determined that many of the
 largest galaxies have all grown through such col-
lision processes—galaxies have a tendency to
 absorb each other, the Milky Way being no ex-
ception. Outside of our local group, however, all
 other galaxies are red-shifted.
 The discovery that the universe is expanding
 has important implications, particularly for how
 we think about its origins. We will turn to these
 implications in the next chapter.
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  THE BIG BANG MODEL AND 
  CONTEMPORARY COSMOLOGY 
  THIS CHAPTER COVERS: 
 The Big Bang model
  Steady State models 
 Evidence for the Big Bang
 Future of the universe according to cosmology
  Blackbody radiation 
 Cosmic microwave background radiation
  Cosmic inflation 
  Dark matter 
  Dark energy 
 Coming to understand that the universe was ex-
panding represented a major reorientation of our
 beliefs about the cosmos. By now you may have
 become used to the idea that astronomy and cos-
mology appear to change significantly over time.
 Why so much change? One important reason is
 that astronomers keep making empirical discov-
eries about the universe that force us all to have to
 go back and rethink how it is we have been con-
ceiving the cosmos (§ .). These empirical discov-
eries come as a result of using the numerous regu-
larities of creation that we have discussed in the
 previous two chapters. Moreover, the conceptual,
 the empirical, and analysis components all work
 together to reveal knowledge about creation that
 either is new to us or corrects our mistaken views.
 This is precisely how creation revelation works (
 §
 ..). Each new discovery leads to more questions
 and lines of investigation that further refine or
  challenge our understanding. 
  8.1. THE BIG BANG MODEL 
 Discovering that the universe was expanding
 opened up new questions to pursue. One question
 suggested by the dynamic models from general
 relativity and Hubble's work was, What if you took
 the expanding universe and “played it backward”
 like a movie? What would the beginning look like?
 Pursuing such questions leads to what is illus-
trated in figure .: the universe had some kind of 
 beginning point. In  Belgian priest and cos-
mologist Georges Lemaître published the first sci-
entific article proposing what would later become
 the Big Bang model of the universe, in the journal
 Nature.   The upshot of Lemaître's work was that the
 universe must have had a beginning, starting ini-
tially with all energy and space packed into an in-
finitely dense point, a kind of primeval atom that
 exploded to produce the expanding universe. Al-
though he recognized that such a special beginning
 for the universe was consistent with the theological
 idea of an ex nihilo creation of the universe, he was
 reluctant to argue that the former was unequivocal
 evidence for the latter. For him, astronomy and
 theology answered different questions and gave
 parallel rather than identical understandings of
 the universe (an example of a partial views ap-
proach to science-theology relations; § ..).
 In broad outline, the Big Bang model presupposes
 that all matter-energy in the universe, space, and
 time initially began in one point (having zero spatial
 1
 Alexander Friedmann (–) came close to such a proposal
 in . Lemaître's  paper also predicted Hubble's empirical
 law, but this was missed by many readers.
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 and zero temporal extension). Everything erupted
 from this point. Energy conservation is preserved
 because energy is neither created nor destroyed. The
 total amount of mass-energy that the universe
 started with remains the same throughout time,
 though mass and energy are converted back and
 forth according to Einstein's mass-energy equiva-
lence relation (§ ..). For instance, energy was
 transformed into particles that eventually formed
 galaxies. Strictly speaking, there is nothing about
 general relativity that gives us any clue as to what was
 prior to this special initial starting point. So far as the
 theory is concerned, there was no preexisting mass-
energy, spacetime, or anything else. This clearly dis-
tinguishes the Big Bang explosion from any other
 explosions in our experience. They all involve preex-
 isting mass-energy. 
 Not only is the Big Bang starting point special,
 but also the explosion is unique. Our experience
 of explosions is of debris flying apart into already-
existing space. You can easily be misled by this
 into thinking that the Big Bang explosion is a gi-
gantic eruption of mass-energy into empty space
 (top panel of fig. .). The pressure of the debris 
 is nonuniform, being higher in the center of the
 explosion and lower the farther out from the
 center you go. This difference in pressure drives
 conventional explosions. In contrast, the Big
 Bang is   an explosion or creation of spacetime. It is
 space that erupts and is expanding, carrying
 mass-energy of uniform pressure along with it
 (bottom panel of fig. .). There is no true center 
  Time 
 X
 Y
  Singularity 
 Figure ..   An illustration of a Big Bang start leading to an expanding
 universe. If one took an expanding universe and ran it backward in time, it
 would contract to a point.
 WRONG:   The big bang was like a bomb going off at a central location in previously empty space.
 RIGHT:   It was an explosion of space itself.
 In this view, the universe came into existence when matter exploded out from some particular location.
 The pressure was highest at the center and lowest in the surrounding void; this pressure difference pushed
  material outward. 
 The space we inhabit is itself expanding. There was no center to this explosion; it happened everywhere.
 The density and pressure were the same everywhere, so there was no pressure difference to drive a
  conventional explosion. 
  WHAT KINDOFEXPLOSIONWASTHEBIG BANG? 
 Figure ..   Wrong and right
 ways to think about the Big
 Bang explosion. The top
 panel is the wrong view,
 where an explosion starts in
 empty space and fills it with
 debris. The bottom panel is
 the correct way to think
 about the Big Bang
 explosion. It is an explosion
 of spacetime itself, with
  uniform pressure of 
  mass-energy being carried 
 along by the expansion
  of space. 
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 of space from which the explosion began; rather,
 space begins and expands uniformly. In this
 sense, there is no way to define a center of the
 universe. Moreover, it is important to realize that
 there is nothing that space is expanding into. Space
 is being created as the universe expands.
 A delicious blueberry muffin can be used as a
 rough analogy (fig. .). Keep in mind that this is 
 an imperfect model because no blueberry muffin
 starts from a dimensionless point with no center
 and no preexisting materials. Imagine the muffin
 batter is baking. As it bakes, the batter expands,
 carrying the blueberries farther and farther apart
 from each other. The Big Bang expansion is
 somewhat like this. Space expands, like the ex-
panding batter, carrying the galaxies farther and
 farther apart, like the blueberries being carried
 along by the expanding batter. Notice that the rate
 of expansion is uniform. For example, the blue-
berries starting out . centimeters from another
 are one centimeter apart, blueberries one centi-
meter apart are two centimeters apart, and so forth.
 When the batter uniformly doubles in size, the
 blueberries uniformly double in their distances
 from one another. In similar fashion, the expansion
 of space is uniform everywhere, with the galaxies
 doubling their distances from one another in a
 fashion similar to the blueberries. The farther
 apart the galaxies are, the faster they have to recede
 from one another to double their distance at the
 same doubling rate. Hence, the farther away gal-
axies are, the faster their recession velocities will
  be (§ ..). 
 One reason why Lemaître was right to not
 equate the Big Bang with ex nihilo creation is that
 there is a fundamental ambiguity in speaking of
 what existed before the Big Bang. As previously
 noted, general relativity tells us that there is a be-
ginning point of spacetime that has an infinite
 density of energy.   Before that, the theory tells us
 nothing. One possibility is that there is literally
 nothing prior to the Big Bang. Another is that
 general relativity is simply breaking down at this
 point and we need some other theory to explain
 where the Big Bang came from. Both of these pos-
sibilities are appropriate scientific attitudes to take
 toward the initial Big Bang.
 Returning to figure ., starting with the initial 
 explosion of space, gravity is at work. One way it is
 at work is locally. Small fluctuations in the density
 of mass-energy eventually lead to the formation of
 galaxies (§ .). So as space is expanding every-
where, mass-energy is clumping together under
 gravity's power to form the galaxies that are riding
 along on the expansion of space.
 2
 Think of the density of some quantity as the amount of that
 quantity divided by the volume it occupies. If all the energy of
 the universe occupies a point of space, then roughly speaking,
 the energy density is infinite.
 5 cm 
  10 cm 
  .5 cm 
 1 cm 
 2 cm 
 3 cm 
 1 cm 
 2 cm 
 4 cm 
 6 cm 
 Figure ..   A blueberry-muffin analogy for the Big Bang.
 The blueberry muffin on the right has doubled in size
 after baking for twenty-five minutes. The muffin batter
 represents space, while the blueberries represent galaxies.
 Just as the expanding batter carries all the blueberries
 farther and farther apart from each other, the expansion
 of space carries the galaxies farther and farther apart.
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 But gravity is also acting globally. Just as the
 Earth's gravitational attraction pulls rocks that we
 throw up into the air back down to the ground, and
 just as galaxies form under the gravitational pull of
 immense amounts of hydrogen gas, so all the mass-
energy in the universe is pulling on space. In other
 words, gravity is counteracting the expansion of
 space. A major research question from the s
 forward has been whether there is enough mass-
energy in the universe to eventually reverse the ex-
pansion of space, causing a contraction of the entire
 universe back to a point. Based on general relativity,
 cosmologists could predict three different scenarios.
 The first scenario is known as a   closed   universe.
 If the density of mass-energy is sufficient, gravity
 will overcome the expansion of space, causing the
 universe to contract back to a point. The universe
 would reach a maximum size and then begin to
 shrink, ending in what Wheeler dubbed the Big
 Crunch (the opposite of the Big Bang).
 A second scenario is known as an   open   universe.
 If the density of mass-energy is too low, gravity will
 lose out to the expansion of space, and the universe
 will go on expanding forever. There is no maximum
 size for the universe, as it would simply keep on
 getting bigger and bigger. The rate of expansion
 would continually slow down, but not enough to
 keep the universe from forever expanding.
 The third scenario is known as the   flat   universe.
 If the density of mass-energy is just right, gravity
 will basically end up in a tie with the expansion of
 space. The expansion of the universe will asymp-
totically slow down to zero, and the universe will
 essentially reach a maximum size: there is enough
 mass-energy to stop the expansion of space but not
 enough to cause it to start to contract. The flat sce-
nario has a rather remarkable feature—namely,
 that the mass-energy density of the universe has a
 critical value, rendering the global curvature of the
 universe zero. Zero global curvature is what cos-
mologists mean by “flat.” Locally the universe
 might have regions of curved spacetime (e.g., our
 solar system), but globally speaking there would
  be zero curvature. 
 Brief Biography: Georges Lemaître (1894–1966)
 Georges Lemaître was a Belgian cosmologist and Catholic priest and is often described as the father of the Big Bang. He
 had an early interest in science and theology that was sidetracked by World War I, where he served as an artillery officer
 and witnessed Germany's first poison-gas attack. After the war, he was ordained as an abbé, in , and worked with
 Arthur Eddington for a time. Lemaître received his PhD in theoretical physics from the Massachusetts Institute of Tech-
nology and accepted a professorship at the Catholic University of Louvain.
 In  he published a paper in French in the   Annals of the Scientific Society of Brussels   that largely went unnoticed,
 detailing a general relativity model of an expanding universe. Although there were earlier published papers exploring
 such dynamic models for the universe, Lemaître apparently was unaware of them. In any event, his was the first paper
 to take such models as physically realistic possibilities for the universe rather than as hypothetical studies of general
 relativity. At this time Lemaître realized that his model predicted that the actual universe was expanding. Moreover, he
 had derived a relationship between the distance and the recession velocity of galaxies that Hubble had discovered (
 §
 ..). In  Lemaître communicated his work to Eddington, who arranged to have the paper translated into English
  and published. 
 Lemaître's interests in science and theology continued throughout his lifetime. He served as president of the Pon-
tifical Academy of Sciences from  until his death in .
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 One of the hottest observational questions in
 the second half of the twentieth century was deter-
mining the mass-energy density of the universe so
 we could figure out which of these three scenarios
  was most likely. 
 Although scientists typically do not use this
 word, these three scenarios represent scientific   es-
chatologies, if you will. Eschatology is a theology or
 theory of the end or ultimate consummation of
 things. A scientific eschatology is an understanding
 of the end of the universe according to our best
 scientific descriptions. Big Bang cosmology gives
 us three possibilities for scientific eschatology, de-
pending on the mass-energy density of the uni-
verse: () If the mass-energy density is higher than
 a critical value, it will end in a Big Crunch, where
 all matter and energy collapses down to a point.
 () If the mass-energy density is below a critical
 value, the universe will expand forever. () If the
 mass-energy is exactly the critical value, the uni-
verse will asymptotically halt its expansion at a
 maximum size. In the absence of any other in-
fluence, these scenarios lead to two different fates
 for life in the universe. If the universe is closed
 (possibility ), at some point the contraction of the
 universe will be such that gravity will be too strong
 and temperatures too high for living things. On the
 other hand, if the universe is either open (possi-
bility ) or flat (possibility ), temperatures will
 eventually equilibrate everywhere in the universe.
 This is known as the   heat death   of the universe.
 Since life depends on particular temperature dif-
ferences, the lack of temperature differences spells
 the end of life (e.g., a human body at room tem-
perature is a dead body).
 Of course, these sciences do not take God's
 intentions and plans into account, since their
 focus is on how creation operates, not its ul-
timate purpose. Recall from chapter four  that 
 scientific methods are not designed to explore
 questions of meaning and purpose. So there is a
 sense in which Christians should not be sur-
prised that scientific eschatologies might be
 missing something important about the ultimate
 end of the universe. If we want to understand the
 future of life in God's creation, we need theo-
logical inquiry along with our best scientific
 theories (§ ..). From a biblical perspective we
 can see that creation is destined for new creation
 rather than destruction (chap. ) 
 As a final implication of the Big Bang, note that
 according to general relativity, space and time are
 Going Further: The Cosmological Red Shift
 Observing red shifts of all galaxies (save our local group) led to our realizing that the universe is expanding (chap. ). 
 Lemaître's work and that of others leading to the Big Bang model nuanced our understanding of red shifts. Once as-
tronomers realized that space was stretching, they recognized that this would also lead to a red-shift effect—
 wavelengths of light get lengthened as space stretches, hence red-shifting light. This is a special case of what is known
 as gravitational red shift. As we saw in chapter seven, gravity is the bending of spacetime by mass-energy. This is a field 
 of acceleration. If a light source on a rocket ship is being accelerated at g—the equivalent acceleration to the Earth's
 gravity—the acceleration causes the light to be red-shifted if the rocket ship is moving away from us. By the equiva-
lence principle, the rocket ship's acceleration has the identical effect as the Earth's gravitational field. So light moving
 through the Earth's gravitation field also is Doppler shifted. Experiments have confirmed this effect by comparing the
 frequency of light emitted from a source at the top of a tower with the light detected at the Earth's surface. This means
 that the red shifts Slipher and Hubble were measuring were actually due to the expansion—stretching—of space,
 which is accelerating distant galaxies, not galaxies hurtling through empty space.
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 not separate entities but different aspects of one
 physical entity, spacetime. The Big Bang beginning
 of the universe implies that there was no time or
 space prior to the Big Bang. Both space and time
 begin with the Big Bang, so physically speaking
 there is no coherence to the question “What was
 happening before the Big Bang?” as there is no
  time before it. 
  8.2. STEADY STATE MODELS 
 For the first several decades of the twentieth
 century, there was a competing family of models
 for cosmology, known as Steady State models. In
 fact, Steady State models predate Big Bang models.
 The best-known Steady State model was put
 forward in  by Hermann Bondi and Thomas
 Gold, subsequently refined with Fred Hoyle. The
 basic motivations for their model were to () come
 up with an explanation for Hubble's red-shift mea-
surements and the relationship between red shifts
 and recession velocity (§ .) while leaving the
 universe always looking the same (hence the name
 Steady State); () solve a puzzle with the state of
 red-shift measurement results in the s; and ()
 avoid the special beginning of the universe implied
 by the Big Bang model.
 As for the universe always looking the same,
 Bondi and Gold maintained what they called the
 perfect cosmological principle, that the universe
 should be homogeneous and uniform not only in
 space but in time as well. The puzzle was that mea-
surements of the universe's expansion seemed to
 be indicating that the universe was about ten to
 twenty billion years old, while distance measure-
ments seemed to be maxing out at about two
 billion light years' distance. This situation implied
 a factor-of-ten difference between the age of the
 universe and measured distances of the farthest
 observable galaxies. Astronomers expected to find
 distances that were billions of light years that
 would correspond closely with the age determina-
tions (if the universe is ten billion years old, say,
 should there not be light that we can see coming
 from galaxies ten billion light years away?). This
 puzzle might be resolved by assuming that the mis-
match between distances and age was an artifact
 due to the limits of distance measurements tech-
niques in the s. This is what many Big Bang
  proponents argued. 
 Bondi and Gold's model proposed an alter-
native solution to this puzzle. Their model posited
 some then-unknown mechanism creating energy
 that could be converted into matter according to
 Einstein's mass-energy relation (§ ..). Clearly, if
 energy is being created, then the law of conser-
vation of energy does not hold. Bondi and Gold's
 response to this was to shift conservation away
 from the total amount of energy in the universe to
 conservation of the energy density of the universe.
 The energy density of the universe is conserved—
 remains the same for all times—because the
 amount of energy created in the universe was
 being distributed throughout the expanding uni-
verse at a rate that keeps the overall energy density
 the same. This would satisfy their perfect cosmo-
logical principle, ensuring that the universe was
 always homogeneous and uniform for all time.
 Nevertheless, their Steady State model required a
 shift from conservation of energy to conservation
 of energy density. This could be motivated by the
 fact that when making energy measurements, we
 are always measuring energy density rather than
  energy directly. 
 Some people found this reasoning plausible,
 while others did not. After all, this amounted to a
 fundamental reinterpretation of a crucial conser-
vation law that many thought counted against the
 model. The Big Bang model needed no such change
 to conservation of energy. Furthermore, when the
 rate of energy production was calculated, it turned
 out to be far too small to be detectable. Hoyle
 3
 As we improved measurement techniques and developed new
 ones, they were proven right (chap. ). 
 4
 Given a measurement of energy density for a region of space, one
 can straightforwardly deduce the total amount of energy.
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 estimated that the mechanism on average would
 produce the unmeasurable rate of one atom per
 year in a volume equal to St. Paul's Cathedral in
 London.   Scientists generally are suspicious of pro-
posed physical mechanisms that are not somehow
 detectable. The rate of energy production is a key
 prediction of the model that should be confirmable.
 There were also open questions about what kind of
 mechanisms could actually create energy from
 nothing, something physicists have generally
 thought to be impossible based on the laws of ther-
modynamics (but if you shift from energy conser-
vation to energy-density conservation, some of
 these restrictions are modified).
 But given the energy creation of the model,
 Bondi, Gold, and Hoyle could explain the distance-
age mismatch (or explain it away, if you will). As
 energy was continually being created, it would be
 moving outward and eventually become converted
 to matter that would form galaxies. Through these
 processes galaxies would accelerate in such a
 fashion that they would leave our two-million-
light-year-distance window. Astronomers would
 still see the red shifts Hubble reported, still cal-
culate a Hubble constant that would lead to a ten-
to twenty-billion-year age for the universe, but
 only see galaxies out to the two-million-light-year
 limit. The model agreed with current observations
 at the time, resolved (or dissolved) the distance-
age mismatch puzzle, was consistent with the or-
dinary cosmological principle (e.g., the energy
 density is the same everywhere), and maintained
 as much of the static picture of the universe as was
 possible for an expanding universe (e.g., the uni-
verse had no beginning).
 In contrast to the Big Bang model, the Bondi,
 Gold, and Hoyle Steady State model actually was
 consistent with an eternal universe. If the universe
 had been eternally creating energy, it would look
 as though the Hubble constant predicting the ten-
 5
  Fred Hoyle, 
 The Nature of the Universe   (Oxford: Blackwell,
  ), . 
 to twenty-billion-year age would be an artifact of
 the measurements in an expanding universe.
  8.3. CHRISTIANITY AND 
  COSMOLOGICAL MODELS 
 From the s to the early s, no decisive evi-
dence favored either the Big Bang or Steady State
 model over the other. Since astronomers' observa-
tions appeared to fit both models, it was important
 to find some predictions the models would make
 where they actually disagreed, or find some obser-
vations that one model could explain while the
 other could not (more on this below). But there
 were other considerations that astronomers and
 physicists used to judge which models they thought
 were better. One was the nature of the special as-
sumptions the models made. On the one hand, the
 Steady State model assumed undetectable, unique
 energy-creation mechanisms and that only energy
 density was conserved. On the other hand, the Big
 Bang model assumed a special kind of origin
 leading to a unique explosion. Depending on how
 one appraised these assumptions, one could have
 grounds for preferring one empirically equivalent
 model over the other.
 Many scientists also took theological consider-
ations seriously. An early version of a Steady State
 model was proposed in . Mathematician and
 astronomer William Duncan MacMillan (–
 ) introduced this model with many of the ele-
ments found in the later Bondi, Gold, and Hoyle
 model. Matter was continually being regenerated
 in a universe that always maintained conditions
 supportive of life.   MacMillan's model for the uni-
verse had no temporal beginning; the regeneration
 process was eternally ongoing. But the model did
 6
 For MacMillan, this regeneration processes involved the energy
 radiated by stars being absorbed by space to later reemerge as
 atoms that could form stars and planets. Although some form of
 matter-energy conversion presumably took place in this process,
 MacMillan rejected Einstein's work on relativity. In , James
 Jeans (–) was the first to propose a Steady State model
 wherein matter was continually being created.
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 avoid the heat death of the universe, a fate that had
 been a point of discussion and active work since it
 was first articulated by Lord Kelvin (William
 Thomson, –), though he did not use the
  term heat death. 
 By , Nobel laureate physicist Robert Mil-
likan (–) also was defending a version of
 the Steady State model. MacMillan and Millikan
 were both well-known and respected scientists.
 One important consideration they offered for fa-
voring Steady State models was finding a way to
 avoid the heat death of the universe because it im-
plied that at some point life would no longer be
 possible in the universe. But this was tied to their
 Christian view of the universe. Both MacMillan
 and Millikan argued that God has a purpose for
 the universe to be populated with life (§ ..).
 Purposing that creation be filled with life appeared
 to be inconsistent with any form of heat death. The
 ongoing creation or regeneration of matter might
 ensure that the conditions supporting life in the
 universe would be maintained. Moreover, Millikan
 argued that continual creation of matter and
 energy demonstrated that God was imminent and
 7
 Lord Kelvin, “On a Universal Tendency in Nature to the Dissipa-
tion of Mechanical Energy,” in   Mathematical and Physical Papers
 (Cambridge: Cambridge University Press, ), :-.
 involved in sustaining creation. For MacMillan
 and Millikan, seeing consistency between Steady
 State models and their Christian views was a valid
 consideration in favor of supporting such models.
 Millikan went so far as to interpret the continual
 creation of matter and energy as evidence of God's
  ongoing creative activity. 
 However, Lemaître had already noted parallels
 between Big Bang cosmology and ex nihilo cre-
ation. In the s mathematician and physicist
 Edmund Whittaker also argued that Christianity
 was more consistent with the Big Bang model be-
cause of such parallels. Likewise, astrophysicist
 and mathematician Edward Arthur Milne also of-
fered similar considerations in the s and s
 (though his Big Bang cosmology explicitly rejected
 general relativity). Milne also argued that heat
 death was not an inevitable consequence of ther-
modynamics applied to an expanding universe (he
 was definitely in the minority view on this point).
 For him, as with MacMillan and Millikan, the heat-
death end of the universe was inconsistent with
 God as Creator and sustainer of a universe that
  supported life. 
 Both the Big Bang and Steady State models had
 scientists supporting them who were offering theo-
logical considerations as part of their reasons for
 Brief Biography: Robert Millikan (1868–1953)
 Robert Millikan was a physicist, Nobel Prize winner, and president of Caltech. At
 his presidential address to the American Association for the Advancement of Sci-
ence in , Millikan argued his hypothesis that hydrogen was replenished from
 the radiation of stars served “to allow the Creator to be continually doing his job.
 Here is, perhaps, a little bit of experimental finger-pointing in that direction.”a
 For Millikan, God's continual activity in creation was central to his understanding
 of science and theology.b
 a
 Robert A. Millikan, “Present Status of Theory and Experiment as to Atomic Disintegration and Atomic Syn-
thesis,”Nature    (January ): .
 b
  R. H. Kargon, 
 The Rise of Robert Millikan: Portrait of a Life in American Science   (Ithaca, NY: Cornell University
  Press, ), -. 
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 preferring one model over the other. But it was not
 just religious believers who were offering nonsci-
entific reasons for supporting cosmological models.
 In , Hoyle, a prominent atheist, published   The
 Nature of the Universe, in which he draws an ex-
plicit connection between atheism and the Steady
 State model, on the one hand, and Christianity and
 the Big Bang, on the other.   Hoyle was quite clear
 that atheistic commitments were part of the reason
 he supported Steady State cosmology: it does not
 need a creator God, whereas in his judgment Big
 Bang cosmology presupposed a Creator.
 Before turning to the evidence that eventually
 eliminated Steady State models, we want to em-
phasize that the theological reasons that various
 proponents were offering in support of their model
 were not the sole considerations for choosing one
 model over another. Nor were these theological
 reasons decisive in their minds (Hoyle comes the
 closest to having atheism as the most decisive
 reason for sticking with Steady State cosmology
 after it was discredited by the evidence). Moreover,
 their theological reasons were not offered in the
 context of scientific publications; rather, they were
 offered in popular lectures and writings as well as
 informal conversations. The point is that many sci-
entists saw religious reasons as playing a   positive
 role   in favor of adopting one cosmological model
 over another, along with their other scientific and
  philosophical considerations. 
 8.4.   THE BIG BANG
  CONFIRMED, STEADY STATE 
  COSMOLOGY DISCREDITED 
 There are two principal kinds of evidence that
 settled which model was closer to describing the
 actual universe: the cosmic microwave background
 8
 Hoyle's book started the myth that the Steady State model was
 an atheistic cosmology, a myth that some Christians unwittingly
  perpetuate today. 
 9
 He also feared that Christians would use the Big Bang as evi-
dence for God's existence in attacks on atheism. This fear proved
 to be well founded.
 radiation signature and the relative abundance of
  light elements. 
 ... Blackbody radiation.   According to the Big
 Bang model, the universe would start out with an
 unimaginably high temperature and cool as it ex-
panded (think of how a gas cools as it expands).
 Until the universe was about three minutes old, it
 was too hot—too energetic—to form atoms. After
 this point in time the temperature of the early
 universe dropped enough so that what is known
 as primordial nucleosynthesis began: protons
 could capture neutrons to form deuterium nuclei,
 and protons fused to protons, producing helium
 nuclei. This process lasted for several minutes.
 Then what astronomers call recombination
 started: positively charged nuclei (protons—
 hydrogen nuclei—deuterium and helium) began
 capturing electrons. This is how the first atoms
 formed. From three minutes old to about ,
 years old, photons had been prevented from
 flying off freely due to the temperature being too
 high, trapping them in the mix of particles. Basi-
cally, photons bounced off all the energetic par-
ticles similar to how they bounce off the walls of
 a room. At about the ,-year mark, enough
 electrons had been captured by atoms that
 photons were no longer trapped, and light could
 freely fly off in all directions.
 One prediction of this Big Bang model was
 that the moment light was free it would carry
 with it an imprint of the distribution of matter
 and energy at that moment of freedom. This is
 what cosmologists call cosmic microwave back-
ground radiation. It is a kind of fossil or early
 baby picture of the universe at the age of ,
  10 
 Sometimes the red shifts of galaxies and the expansion of the
 universe are described as evidence supporting the Big Bang
 over Steady State cosmologies. However, since both models
 could accommodate that evidence, it was not necessarily con-
 firmation of either. 
  11 
 Astronomers describe this as the moment when the universe
 became transparent to light.
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 years old. The Big Bang model made a very spe-
cific prediction about what this cosmic mi-
crowave background radiation should look like.
 One characteristic of this radiation is that it
 should look very much like   blackbody radiation.
 Any radiation that perfectly reflects its source is
 known as blackbody radiation (scientists had
 been studying blackbody radiation in labora-
tories since the middle of the nineteenth century).
 The characteristic shape of a blackbody radiation
 curve is independent of where the radiation is on
 the electromagnetic spectrum (this is yet another
  of creation's regularities). 
  Figure .  illustrates what the radiation from a
 perfect blackbody looks like. The radiation from
 stars and pottery kilns also behave as blackbody
 radiators, so the radiation from them resembles
 this curve. Moreover, the curve is a function of the
 temperature of the radiation. From the Big Bang
 model, it is possible to predict precisely what the
 blackbody curve should look like today for the
 cosmic microwave background radiation that orig-
inated at the ,-year mark given its temper-
ature (this radiation has been cooling ever since it
 became free).   By the s, the temperature pre-
diction had been refined to about . degrees
 Kelvin.   This temperature places the radiation in
 the microwave range (hence why it is called mi-
crowave radiation). The questions became whether
 it actually was there and how to detect it.
 ... Cosmic microwave background radiation dis-
covered.   Ironically, its discovery came about
 somewhat accidentally. Bell Labs had been ac-
tively working on radio and microwaves for sat-
ellite communication, and in , they built a
 large antenna outside Holmdel, New Jersey. Ini-
tially it was dedicated to commercial use, though
 when the Telstar satellite was launched in ,
 the Holmdel antenna became free for other re-
search. Two Bell Labs astronomers, Arno
 Penzias (b. ) and Robert Wilson (b. ),
 wanted to use the antenna as a radio telescope
 to observe the space between galaxies using
 radio waves. Unfortunately for them, there was
 a problem. They kept getting an unwanted,
 uniform microwave signal ever ywhere they
 looked with the antenna that interfered with the
 radio signals from space they wanted to study.
 Since there was no clear source for the mi-
crowave radiation—it was uniform every-
where—they could conclude that there was no
 microwave transmitter in the area (e.g., in New
 York City). The most likely source of the inter-
ference was the antenna itself. They began
 trying to mitigate any effects caused by the an-
tenna, including kicking out the pigeons living
 in the antenna and cleaning out their droppings.
 The uniform microwave signal never changed
 over the course of the whole year (hence they
 could conclude that there was no source in the
  12 
 Ralph Alpher (–) was the first person to predict the
 cosmic microwave background in his  doctoral disserta-
tion. Alpher and Robert Herman (–) worked out the
 details in papers published in  and .
  13 
 The Kelvin scale is the preferred scientific scale. It has various
 properties that make it superior for scientific work to either the
 Fahrenheit or Celsius scales in common use.
 Figure ..   The cosmic microwave background radiation was
 measured to have the characteristic shape of a blackbody radiation
 curve in  and agreed with the Big Bang predictions to within
 experimental error. The curve depicted here is from the more accurate
 observations from the COBE satellite, launched in .
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 solar system or in some other direction of the
 galaxy because a directional source would have
 produced a variance over the four seasons).
 Penzias and Wilson began to search for theo-
retical explanations that might help them solve
 their “problem.” Meanwhile, unknown to them,
 Robert Dicke (–), a physicist at nearby
 Princeton University, had refined the Big Bang pre-
dictions for the leftover cosmic microwave back-
ground radiation and was looking for a way to ex-
perimentally confirm the predictions. When they
 contacted Dicke's lab, he discussed his work with
 them and realized that his observations had al-
 ready been made! 
 There are several ironies to this story. One is that
 Wilson had been trained as a Steady State cosmol-
ogist and was a supporter of the Bondi, Gold, and
 Hoyle model. Penzias, Wilson, and Dicke ended up
 coauthoring a scientific paper on the observations
 describing how they fit the Big Bang predictions
 precisely within experimental error. Another irony
 is that there had been other detections in the s
 of “spurious” microwave signals, but no one was in
 a position at the time to even understand they
 might be anything other than unwanted noise. In
 this period of time, cosmology tended to be viewed
 more as a hobby than a respectable scientific
 pursuit. A final irony is that Penzias and Wilson
 won the  Nobel Prize in physics for this “inter-
fering noise” that they were so concerned to get rid
 of so they could carry out the observations they
  intended to make. 
 Despite Wilson's support of the Steady State
 model, confirmation of the cosmic microwave
 background radiation predictions was the first in-
disputable evidence for the Big Bang model and
 against the Steady State model. The latter model
 had no way of generating an explanation or pre-
diction of this radiation signature without re-
sorting to ad hoc hypotheses (and scientists rec-
ognize that ad hoc hypotheses are a sign of
 weakness in a theory).
 ... Relative abundances of the light elements.   Recall
 from chapter six  that astronomers can use mea- 
surements of atomic spectra to determine the rel-
ative abundance of elements in the universe. The
 Big Bang model makes precise predictions about
 the relative abundance of the lightest elements and
 isotopes created in the early universe.
 Once the temperature of the universe drops
 enough, at about the three-minute mark, it became
 possible to form nuclei through primordial nucleo-
synthesis (§ ..), forming the lightest element,
 hydrogen, first. The proton in the nucleus of hy-
drogen can capture a neutron through the strong
 nuclear force (responsible for holding protons and
 neutrons together in the nucleus) forming the
 nucleus for the isotope deuterium (see fig. .). If 
 a deuterium isotope captures another proton, the
 result is a nucleus for the isotope  He (helium-).
 There are several ways  He nuclei can form. For in-
stance, if two deuterium nuclei fuse,  He nuclei can
 be produced. Figure .  illustrates some of these 
  capture processes. 
 This step-wise process of building nuclei by par-
ticle capture works well up to  Li (lithium-),
 which has three protons and four neutrons. The
 energy requirements are much higher for  Li , so
 we expect to see very little of it in the universe.
 However, if  Li captures one more proton or
 neutron, its nucleus becomes unstable and fissions
 into two lighter nuclei. Hence, there is a barrier to
 creating  Li or any heavier elements and isotopes
 through these capture processes.
 Using the Big Bang model, it is possible to cal-
culate the relative abundances of helium and its
 isotopes, deuterium, and lithium compared to hy-
drogen. Then astronomers could hunt for appro-
priate astronomical objects that would reflect the
  14 
 The strong force is much stronger than the electromagnetic
 force, overcoming the tendency of two protons to repel each
  other. 
  15 
 You may be wondering where heavier elements such as carbon,
 oxygen, and nitrogen come from. The answer is stars as chemi-
cal factories (chap. ). 
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 primordial abundances created in the Big Bang to
 compare with the predictions. The calculations are
 difficult and complex. They took several decades to
 refine to the point where one could hope for good
 agreement between predictions and observation.
 James Peebles (b. ) played an important role,
 producing some of the most careful Big Bang predic-
tions in . He was able to predict that the relative
 abundance of primordial helium produced in the
 early universe was  to  percent, in very good
 agreement with the observations. As the calculations
 improved, the agreement between Big Bang predica-
tions and observations lined up more and more
 closely. By the early s, the predictions of the Big
 Bang turned out to be within experimental error of
 the spectroscopic observations. This was a stunning
 success for the Big Bang model. The Steady State
 model, in contrast, could neither make these predic-
tions nor explain the observed relative abundances
 of light elements without resorting to ad hoc hy-
potheses. Figure .  shows recent results from the 
 Wilkinson Microwave Anisotropy Probe satellite
 observations of the relative abundances of several
 light elements and isotopes compared with hydrogen.
 Between these measurements and the cosmic
 microwave background radiation measurements,
 virtually all astronomers and cosmologists dropped
 the Steady State model as unsupported by the ob-
servations. Clearly the theological considerations
 that MacMillan and Millikan had given for fa-
voring the Steady State model, or that Whittaker
 had given for favoring the Big Bang model (§ .),
 were not decisive for determining which model
 had the more accurate picture of what the actual
 universe was like. It was the evidence creation
  provided—creation revelation—that decisively 
 confirmed the Big Bang model. There were only a
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 Figure ..   Particle capture processes
 happen very rapidly so that within
 minutes almost every proton and
 neutron is bound in a nucleus of some
 type. Moreover, the energy requirements
 for particle capture change from element
 to element. The requirements are lowest
 for hydrogen; hence it is the most
 abundant element created. Next lowest
 in sequence is helium, so it is the
 next-most abundant element, but far
 behind hydrogen. And so forth.
 Figure ..   The relative abundances of some of the light elements and
 isotopes relative to hydrogen as measured by WMAP satellite observations.
 The data are in very good agreement with the Big Bang predictions.
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 handful of scientists who continued to support the
  Steady State model. 
 One irony to the pursuit of predictions of the
 relative abundance of light elements is that Hoyle
 and other Steady State advocates not only per-
formed some of the key calculation but also sug-
gested physics considerations based on the Big
 Bang that advocates of the latter had overlooked. In
 the end, each correction to the calculation brought
 the Big Bang predictions into line with the obser-
vations but left Steady State models out in the cold.
  8.5. CONTEMPORARY COSMOLOGY 
 Let's end this chapter with a sketch of contem-
porary cosmology. Things began with a hot Big
 Bang, about . Ga (billion years ago). Elementary
 particles formed nuclei and later formed atoms,
 which in turn formed huge clouds of gas that
 formed galaxies and stars, with space expanding
 all the while. The rough contours of this picture
 have been set since the late s, while astron-
omers have narrowed the age estimates from the
  16 
 Some Christians began rejecting Big Bang cosmology under the
 rise of YEC teachings in the s. See Ronald L. Numbers,   The
 Creationists: From Scientific Creationism to Intelligent Design,
 expanded ed. (Cambridge, MA: Harvard University Press, ).
 ten to twenty billion years of that decade. Observa-
tions and predictions, such as the relative abun-
dance of light elements, continue to come into
 good agreement, perhaps sometimes too good.
 By the early s cosmologists noticed that the
 measurements determining the total mass-energy
 density   of the universe were coming in almost ex-
actly at the value needed for the universe to be flat.
 So perfectly flat that it was astonishing. Could the
 universe really be such that it had exactly no global
 curvature at all? Of all the values of the mass-energy
 density, how could the Big Bang have been spot-on
 the value that yields a flat universe—about ten mil-
ligrams per every earth volume on average, dis-
tributed such that gravity did not cause some large-
scale warping of spacetime? The odds of that
 particular value being randomly actualized in the
 Big Bang are roughly those of firing an arrow from
 Mars's surface in some random direction and hitting
 the bull's-eye of a standard archery target on Earth.
 This result led some cosmologists to propose an
 explanation that did not involve the exact value of
 the mass-energy density needed
 to make a perfectly flat universe
 appearing out of nowhere. The
 modification was an inflationary
 mechanism leading to what we
 now call the inflationary Big Bang
 model (fig. .). 
 ... Cosmological inflation.   In-
flation, in cosmology, refers to a
 very rapid stretching of space
 right after the Big Bang. Looking
 at figure ., developed by the 
  Wilkinson Microwave Anisotropy 
 Probe team, the Big Bang is repre-
sented by a very small white spot
 at the left end. Shortly after that
 event, notice that there is a very
  17 
 Including what we understood at the time about possible con-
tributions beyond visible matter (e.g., dark matter and dark
  energy), discussed below. 
 Figure ..   A representation of the contemporary inflationary Big Bang model of the universe.
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 rapid expansion in time and space from the initial
 Big Bang start. This expansion is many orders of
 magnitude faster than that which is due to the Big
 Bang itself. Expansion due to inflation starts when
 the universe is –  seconds old and ceases (or
 slows down drastically) when it is –  seconds old.
 During that unimaginably brief period of time, the
 universe doubled in size every –  seconds until it
 ended up being about   times larger than it was
 before inflation began. As a rough analogy, think of
 a zygote—a eukaryotic cell formed by a fertilization
 event between two gametes—that rapidly multi-
plies by doubling, creating the body of a baby. There
 is a very rapid phase of doubling that eventually
 slows down (the mother would be destroyed if the
 cell doubling continued at that early pace).
 These are mind-boggling numbers. At this
 point, it is customary to offer an illustration giving
 one a feel for the size of such big numbers. Imagine
 stacking silver dollars across the entire Earth's
 surface. How high would the stack have to be to
 have   silver dollars? Long before we got even
 close to the total number, the entire thing would
 implode into a black hole (§ .) because of the
 gravitational attraction of the mass of silver dollars.
 Something easier to visualize is a spatial metaphor:
 two points separated by less than the width of an
 atomic radius (–  cm) at the beginning of in-
flation would be separated by about the distance
 from Earth to Proxima Centauri (. light years).
 Inflation offers an explanation for why the uni-
verse appears to be almost perfectly flat. As you
 may have experienced, when you take something
 like a rubber balloon and stretch it, any crinkles or
 rolls in the sheet flatten out. What inflation does is
 so rapidly stretch all of space that any global cur-
vature flattens out. There are physical reasons why
 an inflationary mechanism would turn on briefly
 then turn off or slow down. And we have several
 very interesting candidates for such mechanisms
 that are tied in with our understanding of quantum
 mechanics in the very early universe. This means
 inflation is not an ad hoc suggestion but well mo-
tivated from within the context of the physics in
  Big Bang cosmology. 
 Moreover, we can also predict how cosmic in-
flation would affect the cosmic microwave back-
ground radiation due to the slight variances in the
 density of matter in the very early universe (slightly
 denser regions would show up with a slightly
 warmer temperature relative to slightly less dense
 regions). Astronomers could actually use satellites
 to carefully observe this radiation to see whether
 an inflationary imprint is there or not (the speckled
 pattern you see at the ,-year mark in fig. . 
 represents an expected signature of inflation im-
printed radiation). Satellites were built and flown
 in the s to look for inflation's signature in the
 cosmic microwave background radiation.
 Given concrete models for inflationary mecha-
nisms and rates along with the mechanisms
 forming the cosmic microwave background radi-
ation, cosmologists could make a precise pre-
diction of the degree of anisotropy—the diver-
gence from isotropy or sameness in every direction
 (§ .)—and what kind of structure those varia-
tions should have. Figure .  is a picture of the 
 observed variations in temperature in the cosmic
 microwave background radiation mapped for the
 entire universe by the Planck satellite reported in
 . Red represents the hottest regions, dark blue
 the coldest. The hottest and coldest regions differ
 Figure ..   The Planck satellite survey of the cosmic microwave
 background radiation for the entire universe. Red represents the
 hottest portions and dark blue the coldest. The difference between
 hottest and coldest is about /, of a Kelvin and is in good
 experimental agreement with the predictions of inflationary Big
  Bang cosmology. 
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 by about one part in one hundred-thousand of a
 Kelvin. A stack of one hundred thousand dollar
 bills would be almost twelve yards tall. The varia-
tions in the cosmic microwave background radi-
ation temperature are roughly equal to inserting or
 removing a dollar compared to the stack. It takes
 very precise instruments to be able to detect tem-
perature differences this small. The inflationary
 predictions for this data rule out the simplest
 models, but more complex models are in very good
 agreement with these observations to within ex-
 perimental error. 
 The data in figure .  also tell us that there was 
 some kind of primordial structure to the distri-
bution of matter and energy in the very early uni-
verse. This means that there was a little bit of
 lumpiness in the hydrogen gas and other gases at
 the ,-year mark. This slight unevenness ac-
tually is very important to why the universe is the
 way it is today. If matter and energy were exactly
 uniformly distributed, you would not be reading
 this right now because galaxies and stars would
 never have formed. Gravity needs these minute dif-
ferences in density to form the humongous gas
 clouds that condense into galaxies and stars. This
 is an example of fine-tuning, which we will discuss
 in the next chapter.
 To complete our sketch of contemporary cos-
mology, we need to say something about the
 latest understanding of the expansion of the uni-
verse. Recall from section . that there were
 three predicted fates for the universe depending
 on the mass-energy density. What the measure-
ments in the s seemed to indicate was that
 the universe was flat, meaning that its rate of
 expansion was slowing down and would asymp-
totically approach zero. But another surprise
  awaited everyone. 
  18 
 Also notice that the variations are very small for the entire uni-
verse. The Planck survey adds to our confidence that the cos-
mological principle holds up well at the largest cosmic length
  scales (§ .). 
 Remember the supernova Type Ia distance
 measurements discussed in section ..? By
  astronomers were using these as standard
 candles for some of the most precise distance
 measurements out to distances of ten to fifteen
 billion light years. Of course, astronomers also
 wanted to measure the red shifts for these super-
novae to continue studying the universe's ex-
pansion rate and see whether it is slowing down,
 as would be expected for a flat universe. What
 was discovered defied all expectations. The red-
shift measurements for the most distant Type Ia
 supernovae seemed to indicate that the rate of
 expansion of the universe was   accelerating
 rather than slowing down. This is exactly the
 kind of puzzling result that excites scientists be-
cause it means there is something new to learn
  about the cosmos. 
 To the three scientific eschatologies in section
 ., we now have to add a fourth: the universe's
 expansion continues to accelerate forever. This
 acceleration was not seen before () because, out
 to about two billion light years, it is actually im-
possible to distinguish whether the expansion rate
 is accelerating or decelerating and () because of
 the lack of increased precision of ultralong dis-
tance measurements made possible by Type Ia
 supernovae. The upshot is that our current best
 Figure ..   Another representation of the Planck data. The red dots
 are the satellite measurements, and the red lines indicate the
 experimental error. The green curve shows the best fit to the data. As
 the text explains, each peak in this data harbors a clue about
 previously unknown features of the universe.
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 measurements indicate that gravity may be losing
 a cosmic tug of war with the expansion of space.
 These results suggest there must be something
 else going on besides the Big Bang stretching of
 space and the force of gravity working to coun-
teract that expansion. There may be another un-
known force out there. We can see some hints in
 the Planck data. Figure .  is a different way of 
 representing the Planck data. Looking at the first
 (tallest) peak, the angular location (bottom axis) of
 this peak is related to the flatness of the universe.
 It has precisely the shape that corresponds to the
 critical mass-energy density corresponding to
 almost precisely zero global curvature.
 The second peak from the left is related to the
 relative density of ordinary matter to other kinds
 of matter in the universe. The greater the density
 of ordinary matter, the smaller is the size of the
 second peak relative to the first and third. This
 relative size indicates that ordinary matter such as
 protons, neutrons, and electrons makes up only .
 percent of the matter in the universe (see fig. .). 
 The third peak measures the total density of non-
relativistic matter in the universe, from which,
 using the second peak, the amount of matter that
 does not interact directly with photons can be in-
ferred. This is a measure of the amount of exotic
 dark matter there is in the universe. By   exotic   cos-
mologists mean some form of matter that is no
 known particle. It is wholly different from the or-
dinary matter chemists deal with and astronomers
 have been observing over the centuries. By   dark
 cosmologists mean that this kind of matter does
 not interact with electromagnetic radiation at all.
 It neither gives off nor absorbs light. Its only form
  19 
 Recall that the galaxies in our local group are all blue-shifted,
 meaning they are moving toward one another. Depending on
 the rate of acceleration, it is possible that the gravitational at-
traction of our local group will be overcome by the expansion
 of space such that our local group will be pulled apart in the
 distant future rather than collapsing together.
 of interaction apparently is through the force of
 gravity. Independent measurements using Type Ia
 supernovae are in very good agreement with the
 cosmic microwave background measurements for
  the dark-energy percentage. 
  Figure .  shows some of the latest results 
 from the Planck satellite launched in . Ac-
cording to these results, the universe is composed
 of . percent ordinary matter, . percent dark
 matter, and . percent dark energy.   Dark energy
 is the term cosmologists use to designate the cur-
rently unknown force apparently overcoming
 gravity and causing the expansion of space to ac-
celerate. Scientists from various disciplines are
 currently trying to understand what dark matter
 and dark energy might be.
 This is where Einstein's cosmological constant
 reappears (§ ..). Going back to his original cos-
mology paper, the cosmological constant actually
 represents a force that, for some magnitudes, can
 counteract gravity and stretch space, causing the
 rate of expansion of the universe to increase. So
 Einstein may have inadvertently suggested a cause
 for dark energy in his attempt to tame general
 relativity to produce a static universe.
  26.8% 
  4.9% 
  68.3% 
  Dark Matter 
  Ordinary Matter 
  Dark Energy 
 Figure ..   Recent measurements from the Planck satellite survey
 showing the distribution of ordinary matter versus dark matter versus
  dark energy. 
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  LIVES AND DEATHS OF STARS 
  AND FINE-TUNING 
  THIS CHAPTER COVERS: 
 The formation of galaxies and stars
 The life cycle of stars
 Creation of the heavy elements
 Fine-tuning of the universe
  The anthropic principle 
  The multiverse 
 Given the way atomic elements are built up step by
 step in the very early universe, the relative abun-
dance of the light elements was crucial evidence
 favoring the Big Bang and discrediting Steady State
 cosmology. Recall that there is a limitation to
 forming atoms by the capture processes described
 in chapter seven. Any atom with eight nucleons 
 (protons or neutrons) is inherently unstable and
 splits into lighter atoms. How were all the rest of
  the elements made? 
 For a long time this was a puzzle for astron-
omers and physicists. The answer to where carbon,
 oxygen, iron, and other heavier elements come
 from was uncovered with the discovery of nuclear
 fusion and the realization in the s that stars
 were driven by fusion reactions forming heavier
 and heavier elements. The answer is found in the
 stars, as the saying goes. Stars are creation's fac-
tories for producing all the heavier elements up to
 iron. Elements heavier than iron require the ex-
plosion of stars at the end of their lives.   And it is
 1
 It is believed that half of the trans-iron elements are produced
 in supernova explosions. The other half are produced in so-
called kilonova explosions caused by the collisions of neutron
 through stellar explosions that the heavier ele-
ments are distributed in space to eventually
 become the raw materials for the formation of
 planets. These are amazing examples of God at
 work in creation such that creation ministers to
  creation (§ ..). 
  9.1. THE BIRTH OF STARS 
  AND GALAXIES 
 How did the universe go from no stars to having
 stars all over the place? Stars form in galaxies,
 and galaxies form through gravitational at-
traction. While there are still details about galaxy
 formation that we do not understand, our basic
 picture of the process for spiral galaxies such as
 the Milky Way is as follows: Recall from chapter 
  seven  that early in the universe (approximately 
 , years old) there were slight temperature
 differences that corresponded to differences in
 the density of gas (more than  percent hy-
drogen) in the universe (fig. ., first panel). More 
 dense regions of gas gravitationally attract more
 gas. Moreover, as the universe was expanding,
 many of these denser regions became separated
 from each other, forming very large, separated
 clumps (fig. ., second panel). Such clumps of 
 gas eventually formed galaxies, about one billion
 years after the Big Bang.
 Once any clump's mass reached a critical value,
 it began to collapse, forming what astronomers call
 a   protogalaxy, a mass of gas that is in the process
 stars in death spirals. See Adrian Cho, “A Spacetime Tremor and
 a Celestial Light Show,”   Science    (October , ): -.
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 of forming a galaxy. As protogalaxies continued to
 collapse, there were collisions within the gas that
 caused more gas to collect in the center than the
 edges of the protogalaxies under the force of
 gravity. Also during the gravitational collapse the
 huge gas clouds started spinning because of   an-
gular momentum, the tendency of a spinning
 object to continue spinning. Angular momentum
 has to be conserved, meaning that as the gas con-
tracts it spins faster. Think of a figure skater
 spinning on ice with arms held out. When the
 arms are pulled in close to the body, the skater
 spins much more rapidly. As the contraction
 process continued, stars began
 to form, lighting up the gal-
axies (fig. ., third panel). The 
 end result of this behavior was
 the formation of galaxies of a
 variety of shapes and sizes (fig. 
  ., fourth and fifth panels). 
  Smaller galaxies gravitationally 
 attracted to larger galaxies
 were eventually absorbed into
 the larger galaxies, a process of
 growth that astronomers still
 observe in the universe today.
 In the process of galaxy formation, star for-
mation began by a somewhat similar process.
 Within the forming galaxy, there are huge clouds of
 hydrogen gas. These clouds have variations in
 density (fig. .  [a]). An astronomical unit is the 
 average distance between the Earth and the Sun, so
 a representative cluster of denser gas
 is five thousand times the size of the
 Earth-Sun distance.   These larger,
 denser regions are called gas
 nebulae and become the birthplaces
 of stars.   Depending on the size and
 density of these subregions within
 the nebula, stars of various sizes will
 form. In a process similar to galaxy
 formation, a subregion with high
 enough density will start to gravitationally collapse
 inward, with more gas concentrating in the center
 than at the edges (fig. .  [b]). As the gas at the 
 center becomes compressed by gravity, it heats up.
 This is where the star will form. Gravity's tendency
 is to collapse the gas into the center, while heat
 tends to oppose gravity's action (the hotter a gas is,
 the harder it is to compress). Mixed in with the gas
 are dust grains, which tend to act to cool the gas
 and form local centers of attraction for gas mole-
cules that potentially can form planets (chap. ). 
 This cooling means that the molecules of gas move
 more slowly, promoting the collapse of the gas.
 2
 There are numerous regions of higher density of this size or
 larger in forming galaxies, giving some sense for how massive
 the original protogalaxies must have been.
 3
 Once stars start forming, astronomers call these stellar nurseries.
 4
 Dust grains cause the heat in the gas to escape in the form of
 infrared radiation, so astronomers can look for these signatures
 of planet formation in the universe using telescopes that receive
 infrared light (§   .).
 Figure ..   The slight differences in mass-energy density in the universe at about ,
 years old gave rise to the collapse of huge clouds of hydrogen gas that formed the galaxies.
 Each panel shows a step in this gravitationally driven process.
  (a) 
  (b) 
  (c) 
 Figure ..   Gravity also plays a key role in the formation of stars. Beginning with huge clouds of gas
 slightly denser than their surroundings (a), those gas clouds collapse gravitationally to form a star with a
 thin disk of gas and dust orbiting around it (b and c).
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 If the entire mass of gas is spinning at all, it will
 continue to spin as the contraction process pro-
ceeds due to conservation of angular momentum.
 This spinning process along with gravity will lead
 to the remainder of the gas outside the center flat-
tening into a disk rotating around the center, where
 the star is forming, much like pizza dough flattens
 out into a thin disk when spun in the air (fig. . 
 [c]).   This thin, rotating disk of gas is where pos-
sible planet formation can take place.
 The majority of gas will gather in the center and
 under gravity's action will collapse further, forming
 a star when there is enough mass. As the gas con-
tinues to collapse, it heats up, producing a pressure
 that resists gravity. At the point where core tem-
perature is high enough for fusion reactions to
 begin, the pressure due to heat generated from
 these reactions will balance the pull of gravity. A
 star is born! The gestation period of a star can take
 millions of years. Also, the star begins emitting
 what is called a stellar wind, a stream of particles
 and energy that affects the rest of the gas in the disk.
 The solar wind will clear away any gas that has not
 collected in the disk and will also cause the disk to
 be pushed back to some degree from the star,
 causing further compression of the gas in the disk
 perpendicular to the axis of rotation. If the condi-
tions are right—and we currently do not know
 what all of the right conditions are—a planetary
 system can form. Astronomers have detected many
 planetary systems in our galaxy, and working out a
 detailed, general theory for planetary system for-
mation is currently an active research area.   The
 5
 This flattening process arises from the centrifugal forces due to
 rotation, which also tend to oppose contraction. These forces act
 in directions perpendicular to the axis around which the gas is
 spinning. The gas collapses most rapidly along the axis of rota-
tion and much more slowly perpendicular to it. Similarly, the
 spinning pizza dough flattens rapidly into a thin disk.
 6
 Magnetism also affects the collapse of gas clouds during star for-
mation. The interplay between gravity, heat, angular momentum,
 and magnetism is very complex and an ongoing area of research.
 7
 As of this writing, astronomers have confirmed detection of a
 little over , planets orbiting stars other than the Sun. These
 are known as extrasolar planets, or   exoplanets.
 formation of our solar system will be discussed in
  chapter eleven. 
  9.2. LIVES AND DEATHS OF STARS 
 The life of a star revolves around the fusion process
 taking place inside it. Fusion reactions produce a
 tremendous amount of energy.   This energy bal-
ances the force of gravity trying to collapse the core
 of the star. The stability achieved by balancing
 fusion reactions against gravity may last for only a
 few hundred thousand years, millions of years, or
 perhaps much longer, depending on the total mass
  of the star. 
 Fusion processes bind lighter nuclei together
 to form heavier nuclei (§ ..). The energy
 needed to force nuclei together to form a new,
 heavier nucleus increases as the number of
 protons repelling one another in the nucleus in-
creases. Fusing a neutron with a hydrogen nu-
cleus (single proton) to form deuterium requires
 the least amount of energy. Fusing a deuterium
 nucleus and a proton together to form  He
 (helium-) requires a little over twice the amount
 of energ y required to form deuterium. The
 energy required to form lithium is about twice
 the energy to fuse  He. As the nuclei get heavier
 than iron, the energy produced by the fusion of
 nuclei drops below the amount of energy re-
quired to fuse the nuclei.
 To be successful the fusion process has to
 produce more energy in the product nucleus than
 the sum of the energies of the lighter nuclei being
 fused. To create carbon, nitrogen, and oxygen
 takes more energy than creating isotopes of helium
 and lithium. Stars have enough energy available for
 fusion that they not only can overcome the  Li
 barrier (§ ..) but also can create elements such
 as carbon, nitrogen, and oxygen. Fusion processes
 in stars can continue to create heavier and heavier
 nuclei up to iron. Since the formation of elements
 8
 The Earth's surface receives only a fraction of the total amount
 of energy produced by the Sun.
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 beyond iron actually uses more energy than it pro-
duces, iron is the cutoff for the heaviest element
 that stars can actually create during their lifetime.
 How much of each of the heavier elements up to
 iron a star will form depends on the star's total
 mass. Once a star has formed an iron core, it has
 then reached its death point. The kind of death a
 star will undergo also depends on its total mass.
 The total mass of a star determines almost all
 of its properties. For example, it determines how
 long it will take for a star to form. If it is a super-
massive star, it can actually form in less than a
 million years. On the other hand, a star the mass
 of our Sun, a   solar mass, will take around ten
 million years to achieve first light.   The mass
 also determines the length of a star's lifetime.
 The expected lifetime of a one-solar-mass star is
 about ten billion years. Our Sun is currently
 about . billion years old, so it is a little less
 than halfway through its expected lifespan. The
 more massive the star, the brighter it will be. The
 mass of a star also determines how stably or
 evenly it burns its fuel over its lifetime. For in-
stance, a one-solar-mass star, such as our Sun,
 burns its hydrogen at a very steady rate over the
 vast majority of its lifetime. However, a much
 more massive star tends to burn its hydrogen
 steadily over a much shorter portion of its
 lifetime. But it is also the case that a star less
 massive than the Sun tends to burn its energy at
 a steady rate for a comparatively shorter portion
 of its lifetime. So there actually is a kind of Gold-
ilocks or sweet spot for stellar mass and long-
lived, steady energy production.
 As the most important parameter, a star's mass
 determines its life cycle, as illustrated in figure .. 
 There are a number of details and subtleties to the
 life cycle of stars. Here we can only sketch the
 9
 Astronomers use the mass of our Sun—a   solar mass—as a unit
 to measure the mass of objects in the universe.
  10 
 Slowly varying energy production over a very long period of
 time is what made life on Earth possible. For more life-
affirming aspects of the solar system, see   §   ..
 broad outlines. Planets can form for masses of gas
 that are less than  percent of the Sun's.   Masses in
 the range between  percent and  percent of the
 Sun's typically form brown dwarfs with tempera-
tures higher than planets but not yet high enough
 to ignite the fusion processes. The minimal mass
 for fusion to ignite and a star to form is  percent
 of the Sun's. For masses in the range of  percent
 to ten solar masses, stars roughly will follow the
 cycle on the left in figure ., starting with a col- 
lapsing gas cloud (at three o'clock) and proceeding
 counterclockwise. All will exhibit a red-giant
 phase at the end of their lives. Some may form
 so-called planetary nebulae, and all will end their
 lives as white dwarfs.   The transition from a star's
 red-giant phase to white dwarf is quite violent and
  11 
 Jupiter may be very large and massive compared to the rest of
 the planets in the solar system, yet it is fair to characterize it as
 a failed star. It does not have enough mass for gravitational col-
lapse to generate high enough temperatures for fusion of hydro-
 gen to begin. 
  12 
  The term 
  planetary nebulae 
 is misleading, as these structures
 have nothing to do with planets. Rather, they were originally
 called planetary nebulae because when viewed through the
 smaller telescopes earlier in the twentieth century they ap-
peared to have the same blue-green colors as Uranus and Nep-
tune. In actuality, what is being viewed is the material that was
 expelled from the star as it made a violent transition from its
 red-giant phase to becoming a white dwarf.
 Figure ..   The life cycle of stars is controlled by their mass.
 The lighter stars (. to  solar masses) follow the cycle to the
 left, starting from the gas cloud at three o'clock and proceeding
 counterclockwise. Heavier stars ( solar masses and greater) follow
 the cycle to the right, starting from the gas cloud at nine o'clock
  and proceeding clockwise. 
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 is referred to as a nova.   The outer layers of the
 star are expelled, carrying away some of the
 heavier elements formed by the star during its
 lifetime. What is left is the core of the red giant,
 which contains helium and carbon for smaller
 white dwarfs, and oxygen, neon, and sodium for
  larger white dwarfs. 
 Stars in binary systems with solar masses from
 a little over nine or more follow the cycle to the
 right in figure ., starting from a collapsing gas 
 cloud (at nine o'clock) and proceeding clockwise.
 They will end their lives after going through a red-
supergiant phase (at two o'clock) in the most
 spectacular explosions of the universe: super-
novae.   For masses up to twenty-five to thirty
 solar masses, the supernova explosion leaves
 behind a special kind of object known as a
 neutron star. As the name suggests, these are
 stars made up of a huge number or neutrons, but
 there are still some normal elements in the mix.
 According to the standard model of elementary
 particle physics, in the supernova electrons end
 up combining with protons to produce a neutron
 and a particle called a neutrino. Supernovas in
 this mass range produce lots of neutrinos, which
 carry off a lot of energy, with the neutrons left
 behind. There simply is not enough energy for the
 neutrons to convert back into protons and elec-
trons. The remaining neutron star has a much
 smaller radius than a white dwarf but also a much
 higher density. For example, a neutron star
 weighing in at three solar masses would have a
 radius the size of Chicago.
 Stars heavier than twenty-five to thirty solar
 masses end their lives as black holes after they
  13 
 This should not be confused with supernovae, which are much
 more massive explosions of stars.
  14 
 Larger stars that are not part of a binary system—two stars
 rotating around each other—will also end up as white dwarfs,
 but via so-called helium shell flashes that are violent enough
 explosions to produce many kinds of the trans-iron elements.
  15 
 Stars in the range of ten to twelve solar masses follow a life
 trajectory somewhat like the left cycle in fig. ., but end with 
 an electron capture supernova that leaves a neutron star behind.
 supernova. A black hole is a region in space
 where gravity is so strong that nothing can escape,
 including light. Recall from the mass-energy re-
lation (§ ..) that light effectively has mass due
 to its energy. This means light is affected by
 gravity, so its path is warped by curved spacetime
 (§ ..). A black hole is an incredibly tightly
 warped region of space where light is completely
 trapped and can never escape. This effect led
 Wheeler to dub these highly gravitating phe-
nomena “black holes” because they emit no light.
 The example of a three-solar-mass neutron star
 given earlier is almost at the mass limit before it
 would collapse to form a black hole under the
 force of gravity. If it were . solar masses, it
 would become a black hole.
 As mentioned earlier, stars are fruitfully
 thought of as chemical factories. Stellar explo-
sions play an important role in spreading the
 chemical elements formed in stars. Figure .  is a
 picture of the Crab Nebula. This nebula resulted
 from a supernova explosion that was observed by
 Chinese astronomers in .   Such nebulae dem-
onstrate the vast amount of gas and debris su-
pernova explosions produce. The elements pro-
duced in stars up to iron are spewed out to vast
 distances by supernovae, along with elements
 forged in the supernovae itself. For instance, the
 material in the Crab Nebula is moving at an av-
erage speed of over three million miles per hour
  16 
 You may be wondering how astronomers can know whether
 black holes exist if they emit no light. The regularities of gravity
 and stellar motions that we understand can be used to infer the
 presence of black holes and their masses because of how black
 holes affect the motion of stars.
  17 
 Medieval and Islamic philosophers at the time did not notice
 this supernova, which would have appeared as a new star in the
 sky that shone brightly for a short period of time then disap-
peared. This failure to observe the supernova had nothing to do
 with differences in observing technology. The failure was due to
 the then-fundamental belief that the heavens were a changeless
 realm of perfection. Because of this belief, medieval and Islamic
 astronomers did not recognize the change that took place in the
 sky (it was actually visible to the naked eye during daytime for
 about twenty-three days). The Chinese did not believe that the
 heavens were changeless and so had no such “blindness.”
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 and stretches ten light years across. Supernovae
 can be very effective distributors of chemical ele-
ments, elements necessary for life in particular.
 Along with distributing heavier elements across
 vast distances in space, supernova explosions also
 are responsible for producing up to half of all ele-
ments heavier than iron. The enormous amount of
 energy produced by supernova explosions not only
 flings gas and debris outward at very high speeds.
 The expanding debris cloud also experiences a shock
 wave, a very quick compression-decompression
 event that has sufficient energy to produce elements
  heavier than iron. 
 Stellar explosions explain why astronomers ob-
serve spectra from so many of the elements on the
 periodic table everywhere they turn their tele-
scopes in galaxies. In the Milky Way, there is one
 supernova of a supermassive star about every fifty
 years, so our galaxy experiences about two su-
pernova explosions per century. Over the course of
 Figure ..   The Crab Nebula is the remnant of a supernova explosion that was observed in  by Chinese astronomers. The nebula is sixty-three
 hundred light years from Earth, so the supernova took place in  BCE. In the center of the nebula lies a neutron star that is spinning at thirty
  revolutions per second. 
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 a few billion years, that adds up to a lot of heavy-
element production and distribution. Moreover, it
 is in stars and supernovae that the raw materials
 for building planets and life are manufactured. The
 iron, silicates, carbon, and other elements nec-
essary for the formation of the Earth were pro-
duced in stars and supernova explosions well over
 . billion years ago. This makes stars and super-
novas outstanding examples of creation minis-
tering to creation by producing and distributing
 the materials needed for solar systems and life.
 While we do not know all the conditions that lead
 to the formation of solar systems, one of these con-
ditions certainly is having an appropriate mix of
 raw materials for planet formation produced by
 previous stars and supernovae. Another condition
 is that the region where a solar system will form
 cannot be too close to too many other supernovae,
 otherwise these supernova explosions will disrupt
 the gravitational collapse needed to form a solar
 system. Planetary systems will form only in re-
gions where appropriate raw materials exist and
 the huge gas and debris clouds undergoing gravi-
tational collapse can form stars and planets undis-
turbed by further supernova explosions.
  9.3. FINE-TUNING AND THE 
  GOLDILOCKS UNIVERSE 
 That such conditions must be met for solar systems
 to form suggests that this cannot happen just any-
where. Furthermore, in our own solar system,
 having a one-solar-mass star with the right mix of
 heavy elements in the surrounding gas to produce
 the Earth in a habitable orbit is an example of what
  astronomers call fine-tuning. 
 We live in what many have called a Goldilocks
 universe. This is one way scientists have described
 our discoveries that the universe seems to be just
 right for life. Over the decades, we have discovered
 features about the fundamental constants and laws
 of nature that appear to be exquisitely balanced for
 a life-affirming universe. Recall from the doctrine
 of creation that one of God's purposes for creation
 is that it be filled with life (§ ..). Theologically,
 we would expect creation to be life affirming. Con-
temporary scientific investigation has done more
 than anything to confirm that expectation.
 There are a number of examples of fine-tuning.
 For instance, the cosmic microwave background
 radiation is uniform to about one part in one
 Going Further: Supermassive Black Holes
  and Galaxy Formation 
 In the s astronomers began to confirm a long-held suspicion that supermassive black holes resided at the centers
 of galaxies. Supermassive black holes are millions to billions of solar masses. The Milky Way, for instance, has a four-
million-solar-mass black hole at its center, roughly twenty-seven thousand light years from Earth. Astronomers have
 also come to realize that supermassive black holes play important roles in the formation of galaxies. The mass of such
 black holes has a constant direct relationship to the mass of the central bulges at the centers of spiral galaxies of one to
 seven hundred (i.e., the central bulge is always seven hundred times more massive than the central black hole). There is
 also a correlation between the mass of supermassive black holes and the orbital speeds of stars in the outer regions of
 galaxies. Even though the gravitational pull of supermassive black holes is weakest at the edges of galaxies, the larger
 the central black hole's mass, the faster the outermost stars orbit. Supermassive black holes played a role in the forma-
tion of the first generation of stars in their galaxies. Supermassive black holes do not just gobble up any matter and
 energy that gets too close but are producers of galactic order. The supermassive central black hole at the center of the
 Milky Way played an important part in the evolution and structure of the galaxy.
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 hundred thousand (fig. .), and this reflects 
 minute differences in the density of matter and
 energy in the universe around the ,-year
 mark. If the initial distribution of matter and
 energy had been completely uniform, then no
 large-scale structures would have formed. There
 would be no galaxies, no stars, and no solar
 systems. In a perfectly uniform distribution, the
 force of gravity and the pressure force would have
 exactly balanced each other, with nothing to seed
 the formation of galaxies. There would be no life
 in such a universe. If the density variations had
 been too much larger than one part in one
 hundred thousand, a gravitational disaster would
 have occurred, with much of the universe's matter
 and energy ending up in supermassive black
 holes. Again, there would be no galaxies, stars, or
 planets for life. Hence, there is a fairly precise
 range the density fluctuations must be in to have
 a universe that forms galaxies, stars, and planets
 that can support life.
 Another example of fine-tuning is the magni-
tudes of fundamental constants such as the mass
 and charge of electrons, protons, and neutrons.
 Electrons and protons have opposite charges of
 the same magnitude. If they differed ever so
 slightly in magnitude from each other, chemical
 bonding would not work the way it does in our
 universe, and life would be impossible. The chem-
istry that supports life (part ) would be nonex-
istent. Neutrons and protons have almost the
 same mass. The neutron is slightly heavier; the
 neutron-to-proton mass ratio is .
 (with an uncertainty of . × –). This mass dif-
ference has to be very precise. If it were only
 slightly lighter, a lone neutron would not decay
 (into a proton, electron, and a neutrino) as it does
 now. If neutrons were slightly lighter than protons,
 then neutrons would be stable, and protons would
 decay (into neutrons and positrons), and no
 atoms would ever form, meaning no chemistry
 that supports life. Protons are . times
 more massive than electrons (with an uncertainty
 of . × –). This particular ratio has to be pre-
cisely what it is. If it were slightly different, then
 the chemistry required for life as we know it
 would not exist. Either there would be no atoms,
 or nucleon capture would yield far too much
 helium, such that stars would have burned out too
 quickly for life to evolve.
 Indeed, the chemistry needed for life in our
 universe turns out to be very sensitive to the mag-
nitudes of a number of quantities such as these.
 The fine structure constant involves a combination
 of fundamental constants of nature such as the
 speed of light, electron charge, Planck's constant,
 and the electrical permittivity of a vacuum. It has
 a magnitude of about /.. This ratio repre-
sents the strength of the electromagnetic force
 between electrically charged particles and also
 determines how photons interact with charged
 particles. If the strength of the electromagnetic
 force were only slightly stronger than it is, atoms
 would not share their electrons, so there would be
 no chemical bonding (protons would hold on to
 their electrons too tightly). Conversely, if the
 strength of the electromagnetic interaction were
 slightly weaker, protons would not be able to
 capture electrons, so there would be no atoms.
 Slight changes of the fine structure constant in
 either direction would lead to no chemistry that
  supports life. 
 There are still more examples of fine-tuning. If
 the ratio of the number of protons to neutrons
 were just slightly different from what it is, the
 right abundance of elements to support life would
 not exist. The strong nuclear force is responsible
 for holding nuclei together even though they are
 composed of positive charges in the form of
 protons. If the strong nuclear force were only
 slightly weaker than it is, protons and neutrons
 would not bind together, resulting in a hydrogen-
only universe. If the strong nuclear force were
 slightly stronger than it is, the early universe
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 would have produced far too much helium, re-
sulting in a universe devoid of water. Neither all-
hydrogen nor all-lead universes are life sup-
porting. If the number of protons and electrons
 had not been equal to an accuracy of at least one
 part in , then the electromagnetic force would
 have exceeded the gravitational force too much,
 preventing stars from forming. If the strength of
 the gravitational force were slightly weaker than
 it is, matter would not clump together to form
 stars large enough to produce the heavy elements
 necessary for planets. Conversely, if the gravita-
tional force had been slightly stronger, then stars
 would have burned their nuclear fuel much too
 quickly for life to be able to develop on a planet
  such as Earth. 
 Speaking of Earth, we have already seen that
 the Sun in our solar system has a mass well tuned
 to burn its hydrogen fuel at a very steady rate for
 billions of years, creating favorable conditions for
 life in the habitable zone. A star's habitable zone
 is the region where an orbiting planet receives
 enough energy to be warm enough to support life
 and have a stable water cycle. The Earth orbits the
 Sun in this habitable zone. If its orbit were only 
 percent larger or smaller than it is, no water cycle
 would have been possible, making life impossible.
 The Sun formed close enough to supernova explo-
sions to have enough heavy elements to form
 planets in its nebula, but far enough away to
 avoid either life-threatening radiation from su-
pernova remnants or to not have planetary for-
mation disrupted by gravitational effects of other
 stars.   If the Earth's surface gravity were .
 percent weaker than it is, water vapor would
 escape from its atmosphere, depriving the Earth
 of a molecule crucial for life. In contrast, if the
 Earth's surface gravity were . percent stronger,
 too little methane and ammonia would escape for
  life to survive. 
  18 
 For the Milky Way, it is estimated that only  percent of stars
  meet these conditions. 
  9.4. THE ANTHROPIC PRINCIPLE 
 These examples of fine-tuning—along with many
 others—involve very precise numerical values
 (even if the value of some of these numbers, such
 as the electron-to-proton mass ratio, appears un-
remarkable at first glance). Physicists began no-
ticing some of these “coincidences” in the s
 and their relationship to the chemistry of our uni-
verse. By the s, many more of these examples
 had been discovered along with their crucial con-
nection to life. The sheer number of these connec-
tions led to the articulation of what has become
 known as the   anthropic principle: “Our existence as
 carbon-based, intelligent life forms who can ob-
serve the universe implies that the universe is
 finely tuned for life.” It was proposed in  by
 cosmologist Brandon Carter in Poland during a
 series of symposia celebrating the five-hundredth
  birthday of Copernicus. 
 There is a sense in which the anthropic principle
 looks like a rather humdrum observation. Since we
 exist, we do not expect to observe a universe that
 is not finely tuned for life. Otherwise we would not
 be here to observe it. In effect what scientists have
 been discovering over the decades of the twentieth
 century is just how life affirming the universe ac-
tually is. These observations extend to what is
 likely the biggest one of all: if the initial Big Bang
 had been somewhat stronger, the universe would
 expand too quickly to form galaxies and stars.
 Conversely, if it had been somewhat weaker, then
 it would have ended in a Big Crunch long before
 any stars could form. Either way, intelligent life
 would not have arisen in the universe to discuss
  these possibilities. 
 The natural response to so many examples of
 fine-tuning—and perhaps the anthropic principle,
  19 
 Technically this is known as the weak anthropic principle. The
 strong anthropic principle states that the universe must have
 those properties necessary for carbon-based life to develop
 within it at some stage in its history. The focus on carbon-based
 life stems from the fact that there are no other chemical bases
 that could support life (§§   ., ...).
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 too—is that all this needs an explanation. The doc-
trine of creation provides one possible explanation:
 if the triune God intends for creation to be filled
 with life, then the universe would have life-affirming
 properties. According to the doctrine of creation, all
 the examples of fine tuning would be examples of
 the ministerial nature of creation providing the nec-
essary conditions for life's origin and maintenance
 (fulfilling creation's calling in such passages as Gen
 :). Moreover, all these examples of fine-tuning
 are examples of creation's functional integrity.
 There is another possible explanation for the
 Goldilocks conditions that arises out of the idea of
 the multiverse. Science fiction has made very en-
tertaining use of the multiverse, but the idea did
 not originate there. Instead, it arose from physi-
cists who were trying to solve an unrelated
 problem. Connections with fine-tuning and the
 anthropic principle were noticed after multiverse
  theories were developed. 
 Multiverse ideas were unexpected. In the s
 and s several physicists were puzzled about
 some inconsistencies and open questions in the
 then-current state of our best theories: elementary
 particle physics and general relativity. One open
 question in elementary particle physics was whether
 particles such as electrons and quarks were the rock
 bottom or whether they in turn were composed of
 something else. Another open question was how to
 combine our best understanding of gravity with our
 best understanding of elementary particle physics.
 Physicists had discovered that our best quantum
 mechanical theories of particles did not mesh with
 general relativity when they tried to extend Ein-
stein's theory to the domain of particle physics.
 Length the distance of –  centimeters is im-
portant in elementary particle physics, but general
 relativity gives conflicting answers at such small
 length scales. Plus there were various other reasons
 to think that the standard model of elementary
 Going Further: Hoyle, Fine-Tuning, and Atheism
 Although Hoyle admitted in  that the Steady State model failed, that failure did not shake his atheism. Instead,
 what he found personally troubling was his discovery that there was a specific energy magnitude to stable configura-
tions of carbon that made it possible for stars to rapidly produce carbon in fusion processes. This mechanism is so effi-
cient that carbon is the fourth-most abundant element in the universe. This fact was so stunning that Hoyle admitted
 in the November  issue of the Caltech alumni magazine that it looked like evidence that an “intellect must have
  designed the properties of the carbon atom....  The numbers one calculates from the facts seem to me so overwhelm- 
ing as to put this conclusion almost beyond doubt.”a  Later he wrote,
 The issue of whether the universe is purposive is an ultimate question that is at the back of everybody's mind . . .
 as to whether the universe is a product of thought. And I have to say that that is also my personal opinion, but I
 can't back it up by too much of a precise argument. There are very many aspects of the universe where you either
 have to say there have been monstrous coincidences, which there might have been, or, alternatively, there is a
 purposive scenario to which the universe conforms.b
 Although Hoyle never gave up his atheism, he was honest about his doubts in a way that many contemporary athe-
 ists are not. 
 a
 Fred Hoyle, “The Universe Past and Present Reflection,”   Engineering and Science   (November ): -.
 b
  Fred Hoyle, 
 The Origin of the Universe and the Origin of Religion
 , Anshen Transdisciplinary Lectureships in Art, Science, and the Philosophy of Culture
 (Wakefield, RI: Moyer Bell, ), .
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 particle physics was pointing beyond itself to new
 possibilities for undiscovered physics.
 To address some of these problems as well as
 search for new physical phenomena, some physi-
cists began investigating string theory beginning
 around .   Although still speculative as a theo-
retical framework, string theory moved from the
 fringes to mainstream recognition around .
 The rough idea is that particles such as electrons
 and quarks are actually excitations in an under-
lying string (or string-like structure). A loose
 analogy would be a guitar string. When you pluck
 a guitar string, exciting a particular frequency, you
 hear a specific musical tone. Similarly, an electron
 would be a particular excitation of a string, while a
 quark would be a different excitation (loosely, each
 elementary particle corresponds to a specific exci-
tation or “note” of a string). The standard set of
 elementary particles, including photons, could all
 be described using a string-theory framework. But
 physicists also noticed that a particular particle—
 called a graviton—was one of the possible excita-
tions of string. The graviton had precisely the prop-
erties physicists would expect if there were a good
 quantum-mechanical theory of gravity. This dis-
covery gave some physicists hope that string theory
 could provide a framework for unifying quantum
 mechanics and general relativity, solving one of the
 puzzles on their list.
 A lot of work has gone into developing string
 theory, though it has yet to result in any testable
 consequences. As well, it is still an open question
 as to whether it will deliver on its promises to re-
solve the issues physicists have with the standard
 model of elementary particle physics. Nonetheless,
 over the course of working on string theory, a
 rather surprising implication was uncovered. In
  20 
 Its first developments were in the s, when string theory was
 proposed as an account of the interactions of the strong nuclear
 force. Joseph Conlon,   Why String Theory?   (Boca Raton, FL:
  CRC, ). 
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 Work on achieving this unification and a full-fledged quantum
 theory of gravity is still ongoing.
 essence, string theory implies that there is not
 merely one universe but possibly as many as 
 universes.   There are a number of different ways
 in which universes might be created in string
 theory, but one thing that physicists noticed was
 that most all of the possible mechanisms for
 cosmic inflation (§ ..) do double duty as uni-
verse-creation mechanisms. This realization pro-
vided a link between string theory and cosmology.
 The multiverse is the collection of all universes.
 But you should not think of all these possible uni-
verses as being identical to one another. The odds
 are that they would all differ from one another in
 a variety of ways. Some may have the same values
 for constants of nature as our universe but different
 laws of nature. Others may have the same laws of
 nature as our universe but different values of the
 constants of nature. For example, the proton and
 electron masses might be slightly different from
 their values in our universe. Some of the universes
 might have the same laws and constants of nature
 as ours but had a larger or smaller Big Bang be-
ginning than our universe. Others may have had
 slightly different distributions of matter and
 energy than ours. In other words, there may be an
 almost endless variety of different universes.
 Keep in mind that there is no empirical evi-
dence supporting the existence of multiverses at all.
 There is one important reason that many believe in
 the multiverse despite the lack of evidence (and the
 lack of multiverse theories making any credible
 testable claims). As astronomer Brandon Carr
 points out, “Without a multiverse one may be
 forced to adopt a non-physical explanation like a
 fine-tuner.”   Nevertheless, if the multiverse is real
 it would offer a possible explanation for the fine-
tuning of our universe. Given that there may be
 approximately   universes in the multiverse,
 statistically speaking the odds are that one of those
  22 
 This is an average number. The number of universes could be
 anywhere from one to .
  23 
 Brandon Carr, “Defending the Multiverse,”   Astronomy and Geo-
physics   , no.  (April ): .
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 universes has exactly the laws of nature, funda-
mental constants, and initial conditions as our uni-
verse. There would then be no need to appeal to a
 Creator, so the reasoning goes, since such a life-
affirming universe is bound to arise given so many
 possible combinations of conditions. We happen to
 find ourselves in the lottery-winning universe, but
 then some intelligent carbon-based beings had to
 find themselves in the life-affirming winner.
 Whether you think this reasoning is satisfying
 or not, it is important to point out that this rea-
soning did not originally arise explicitly as a way
 for atheists to avoid Christianity and the doctrine
 of creation. Rather, string theory was motivated by
 a different set of problems. In the course of devel-
oping string theory, multiverse implications were
 discovered. In light of these implications, people
 began exploring their consequences, and the rea-
soning rehearsed in the previous paragraph is one
  potential consequence. 
 Regardless of how one explains it, there is no
 denying that humanity lives in a special universe
 in the sense that it is so life affirming. It has the
 right combinations of the laws and constants of
 nature, the right kind of Big Bang beginning, and
 is of the right age and size to produce and support
 life. How we might think about this theologically
 is the subject of the next chapter.
  24 
 For more on the possible implications of the multiverse, see   §   ..
 Going Further: The Copernican Principle and Mediocrity
 We discussed the myth that Copernicus removed humanity from its “special place” at the center of the solar system in
 section .. The basic idea of “no special place” has been articulated for the physical nature of the universe in the cosmo-
logical principle (§ .), a useful physical principle for astronomers' work.
 This “no special place” idea has been developed in a different direction that has come to be known as the Copernican
 principle or the principle of mediocrity, however.a  In the nineteenth century astronomers noticed that our Sun was a
 fairly average star. In the twentieth century we discovered that our solar system was located on the edge of an arm of
 the Milky Way galaxy and that the Milky Way has about two hundred billion stars. Furthermore, the Milky Way is just
 one among a hundred billion or more galaxies. The end result of this line of thought is supposed to be that not only is
 there no special place in the universe but there is nothing particularly special about human beings.
 This mediocrity principle contributes nothing to our understanding of astronomy or cosmology. Rather, it is more an
 ideological view applied to the universe than anything. Moreover, the mediocrity principle does not hold up under in-
spection. For example, when we consider that our solar system occupies a life-affirming patch of the Milky Way, it be-
comes clear that there are some special places in the universe—namely, those that have the right conditions for life to
 originate and be sustained. And as with the myth that Copernicus “demoted” the place of human beings in the universe,
 this Copernican principle—an idea Copernicus never endorsed—suffers from an ambiguity on the idea of “special.”
 There is nothing particularly special about spatial location that has any connection with what special role humanity may
 play in God's plans and purposes.
 a
 For discussion, see Owen Gingerich,   God's Universe   (Cambridge, MA: Belknap, ).
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  BIBLICAL AND THEOLOGICAL 
  PERSPECTIVES ON THE 
  ORIGINS OF THE UNIVERSE 
  THIS CHAPTER COVERS: 
 The doctrine of creation and cosmology
 A quantum alternative to ex nihilo creation
 The difference between existence questions
  and being questions 
  Interpreting cosmology theologically 
 The doctrine of creation has been in the back-
ground the last few chapters, making an ap-
pearance every now and then. It is time to bring it
 out front and center and pull together several ideas
 discussed in the first two parts of the book.
  10.1. THE DOCTRINE OF 
  CREATION AND COSMOLOGY 
 In chapter five  we saw an emphasis on God or- 
dering an unordered cosmos, and once it was
 properly and fully ordered, God pronounced it
 very good. It is this very good, ordered cosmos
 that astronomers and cosmologists study, making
 use of the functional integrity the triune Creator
 gave to creation (recall the distinction between a
 house and a home in § .). We will discuss a few
 examples of the doctrine of creation related to
 modern cosmology in a bit more detail and their
 implications in this chapter.
 Let's start with the Creator/creature distinction
 and God's intention for creation to become itself,
 something distinctly different from but not inde-
pendent of God. Based on these elements of the
 doctrine of creation, we would expect creation to
 have capacities for development and growth. Bib-
lical texts such as Psalm ; :; and  Peter :,
 , among others, indicate creation is not a static
 work completed at some time in the past. Rather, it
 is a project moving toward its calling through on-
going trinitarian involvement. This is consistent
 with the discovery of the dynamic, growing char-
acter of the universe in the first third of the twen-
tieth century.   The expansion of the universe from
 its Big Bang beginning is due to how a large
 number of creation's regularities interact with one
 another. This means that the creation's distinctness
 from God cannot be considered apart from the
 very functional integrity given to the universe by
 the Father and sustained by the Son.
 For many decades it has been obvious that the
 biblical idea of ex nihilo creation is consistent with
 the Big Bang. General relativity predicts a singular
 beginning to the universe, and quantum me-
chanics gives us no insight into what physically
 might have been “before” there was space, time,
 energy, and laws of nature. Indeed, none of our
 current best-accepted physical theories give us any
 purchase on how the universe came into being.
 Multiverse ideas might provide a possibility for ex-
plaining the Big Bang (more on this below; see also
 1
 It would not be possible to argue that such biblical texts taught
 a dynamic, expanding cosmos. It is one thing for there to be
 consistency between our understanding of biblical texts and our
 understanding of the cosmos. It is quite another to demonstrate
 that there is some scientific implication of these biblical texts
 (see   §§   ., .).
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 §
 .), but aside from that possibility, our best
 physical theories are silent on where the ingre-
dients for the Big Bang came from. Some, such as
 Pope Pius XII, have endorsed the idea that the Big
 Bang might be proof for ex nihilo creation, ful-
filling Hoyle's fears (§ .). But many have recog-
nized that there is a basic consistency between ex
 nihilo creation and the Big Bang.
 Based on some of the purposes God has for
 nature found in the doctrine of creation, we would
 expect the universe to be life affirming. The many
 examples of fine-tuning—from the values of the
 fundamental constants to the precise magnitude of
 the Big Bang—are clear evidence that our universe
 is life affirming. Christians should be careful about
 using fine-tuning as “proof ” that God created the
 universe, given that fine-tuning is consistent with
 string theory–based multiverse ideas (more on
 this below). But the life-affirming character of the
 universe is an important way in which cosmology
 exemplifies both God's purpose for creation to be
 filled with life and the functional integrity of cre-
ation. Once again, we can see that God's intentions
 for the creation are inseparable from its divinely
  given functional integrity. 
 The functional integrity of the universe is also
 related to its ministerial nature. The Trinity created,
 sustains, and energizes a specific created order that
 underlies the universe's ability to participate in its
 own coming to be. The physical possibilities pro-
vided by the laws and constants of physics minister
 to the universe by making chemical elements and
 bonding possible so that atoms (e.g., carbon) and
 molecules crucial for planets and life can actually
 form and function. Similarly, the regularities and
 possibilities provided by physics and chemistry
 minister to the creation by making the complex
 biochemical and biological compounds necessary
 for life (e.g., DNA) and their functions possible.
 2
 Indeed, after discussions with Vatican astronomers, Pius XII
 revised his earlier position and spoke more in terms of consis-
 tency than proof. 
 The Son superintends and sustains the physics,
 chemistry, and biology scientists study, and the
 Spirit energizes and enables these features of the
 universe to function as they are called by the Father
 to function. Therefore, from the vantage point of
 the doctrine of creation, the physical possibilities
 afforded by the physical laws and constants of
 nature literally minister to the universe's life-
affirming character. This functional integrity of
 creation ministers to the creation by producing
 galaxies, stars, planets, and, ultimately, the di-
versity of life, all superintended by the Son and
 enabled by the Spirit. Even though scientists
 cannot detect this meaning with their instruments,
 special revelation enables us to see the creative and
 providential activity of the Trinity in the universe
 that scientists study (Ps ).
 One other thing to think about in this context
 is that one of God's purposes for creation is for it
 to be a genuine coparticipant in its own coming
 to be (§ ..). Remember that Genesis : calls
 nature to originate and sustain life, and one of the
 purposes of the creation is for it to be filled with
 life (§ ..). From the vantage point of the doc-
trine of creation, we can see that the life-affirming
 character of the fine-tuning of creation is directly
 related to the universe's coparticipation with the
 Son and Spirit in the making, sustaining, and en-
 abling of life. 
  10.2. THE MULTIVERSE AND 
  THE NEW NOTHING 
 As mentioned earlier, observing that the universe
 is fine-tuned for life does not necessarily imply it
 was designed by a Creator. It has been argued that
 it might be the result of various universe-creating
 3
 It is a logical possibility that God could have made a non-
life-affirming universe and put life in it, but then the Trinity
 would have to impose life, going against the functional integrity
 of that creation. In contrast, a loving Father would call a creation
 that both was life affirming and could freely participate through
 the Son and Spirit in originating, sustaining, and enabling life to
  flourish. 
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 mechanisms that are part of the multiverse. Of
 course, astronomers currently do not have any ob-
servational evidence indicating that there is a mul-
tiverse. But one could make the argument that
 there are two possibilities for explaining why the
 universe is so life affirming: the doctrine of cre-
ation and the multiverse.
 Here is a clear case where restricting yourself to
 scientific inquiry as the only way of knowing
 leaves you with a deep ambiguity. On the one hand,
 atheists such as Richard Dawkins can resolve this
 ambiguity in favor of the multiverse as “creator” of
 our universe. But this resolution of the ambiguity
 comes about only by adding some additional
 metaphysics (or theology)—namely,   metaphysical
 naturalism. This is a philosophical view that denies
 there is anything beyond nature (i.e., matter, forces,
 animals, etc.). Metaphysical naturalism maintains
 there is nothing supernatural, so there is no God,
 soul, spirits, or any spiritual realm. The only things
 that exist are matter and the forces/laws by which
 material things interact. This is a worldview, a
 faith position that cannot be demonstrated by sci-
entific investigation; rather, metaphysical natu-
ralism is used to   interpret   scientific investigation.
 For instance, when in   The God Delusion   Dawkins
 claims that “science” demonstrates that God most
 likely does not exist (e.g., because multiverse the-
ories can explain the origin of the universe without
 appeal to a creator), he steps beyond what scien-
tific investigation can actually warrant. Instead, he
 (perhaps unknowingly) relies on his metaphysical
 commitments to lead to the interpretation that
 God likely does not exist, resolving an ambiguity
 in cosmology in favor of his preferred meta-
 physical beliefs. 
 What is going on here is that Dawkins is taking
 a science-first approach (§ .), privileging scien-
tific methods and knowledge over all else. The sci-
ences supposedly function as the only authority for
 truth for Dawkins; however, in Dawkins's hands we
 can see that it is not mere science but the sciences
 plus metaphysical naturalism that serve as the real
  authority for him. 
 Physicist Lawrence Krauss has recently taken
 this line of reasoning one step further by arguing
 Going Further: Fine-Tuning and
 Changing Constants of Nature
 In some Christian circles, it has become popular to argue that the immense ages and distances astronomers infer for the
 universe are actually misleading. Instead, the universe is actually much younger than astronomers infer, and much
 smaller, too. As the argument goes, if the speed of light changes over time, having a higher value in the past than it does
 in the present, then astronomers' methods for determining age and distance would report misleading results. The
 universe would appear to be much older and larger than it actually is.
 The fine-tuning discoveries over the past few decades render this line of argument untenable. If the speed of light
 actually varied even slightly, the chemistry we experience in our universe would be impossible, and no one would be
 here to engage in such arguments. Chemical bonding would not work to form any chemical elements, such as carbon
 and oxygen, necessary for life, and no stars would form (let alone planets). Thus trying to explain away astronomers'
 age-and-distance determination by invoking a changing speed of light simply will not work if you also expect the uni-
verse to be life affirming. Moreover, such an appeal is inconsistent with the doctrine of creation (e.g., that the universe
 has a persistent functional integrity, that it is developing into what the Father calls it to be, and that creation ministers
  to creation). 
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 that there is a quantum explanation for universes
 so no ex nihilo creation by God is needed. He
 argues that space can be created by quantum
 gravity. The laws of quantum mechanics (techni-
cally, quantum field theory) can create particles in
 this space. So physics seems to say that something
 can come from this nothing after all.   Except that
 this is not the nothing of ex nihilo creation (no pre-
existing materials, no quantum gravity, no energy,
 or space, etc.), because there was plenty preex-
isting the explosion of the space of our universe in
 the Big Bang: some laws of physics; energy; al-
though not the space of our universe, there was
 some other kind of space in the multiverse (simi-
larly for time); and so forth. This is a   new nothing
 that is a substantial something.
 Krauss argues that philosophers and theolo-
gians have confused the meanings of nothing with
 the physicist's notions of nothing. But this is to not
 understand much about the history of either phi-
losophy or theology, let alone the sciences. As
 Thomas Aquinas, among others, pointed out cen-
turies ago, there are two kinds of questions that
 can be asked about existence. The first is “Where
 does our universe and everything that exists in it
 come from?” Call this the existence question. The
 second is “What makes the existence of anything
 that does exist possible and sustains it in being?”
 Call this the being question. These two questions
 are distinct, and each needs to be addressed.
 The new nothing that Stephen Hawking, Krauss,
 and others trumpet addresses a version of the ex-
istence question by laying out unverified quantum
 models that could give rise to our universe. Yet this
 account fails to answer the more pressing version
 of the existence question—namely, “Where did the
 4
  Lawrence Krauss, 
 A Universe from Nothing: Why There Is Some-
thing Rather Than Nothing   (New York: Free Press, ); Ross
 Andersen, “Has Physics Made Philosophy and Religion Obso-
lete?,” The Atlantic, April , , www.theatlantic.com/tech 
  nology/print///has-physics-made-philosophy-and-reli 
  gion-obsolete//. Stephen Hawking and Leonard Mlodi- 
now have made similar arguments in   The Grand Design   (New
 York: Bantam Books, ).
 new nothing come from?” And the being question,
 “What makes the existence of the new nothing pos-
sible and sustains it in being?” is left completely
 untouched, perhaps because this question is not
  even recognized. 
 To be fair, Krauss and company are focused on
 the scientific question of why there is a universe
 like ours. This is a form of the existence question
 that is a perfectly legitimate scientific task, al-
though one needs to recognize that proposed sci-
entific answers to this question are sheer specu-
lation, though they are sometimes presented as if
 they are on a par with our best confirmed theories.
 Scientists have no way to get evidence for any of
 these models. Nonetheless, to be fair to intellectual
 history, Krauss and company should acknowledge
 that this version of the existence question is not the
 only kind of coherent question about existence that
 can be asked. Unless all ways of knowing are arti-
ficially narrowed down to only scientific ways of
 knowing, one has to keep in mind other versions
 of the existence question as well as the being
 question. A long line of philosophical and theo-
logical thought has considered being questions as
 more fundamental than existence questions. This
 is because the former questions call for ultimate
 explanations, the kinds of explanations scientific
 investigation   is not suited to give   (§ .). Those in
 the grip of scientism think only the scientific ques-
 tions are meaningful. 
 There are three general ways of answering the
 ultimate being question, all of them very old:
 First, there is spontaneous generation. On this
 view, the new nothing simply sprang from an ab-
solute nothing—no multiverse or laws or anything
 else—for no rhyme or reason. We are unaware of
 anyone who adopts this answer, and metaphysical
 naturalists such as Dawkins and Krauss certainly
 do not try to defend it.
 The second answer is the eternal option: energy
 (or quantum fields) has always existed and brings
 about all there is. Energy, then, has the properties
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 of eternality, self-existence, creativity, all power,
 and so forth. These are all classic marks of divinity.
 Therefore, this option presupposes a form of di-
vinity, just not a personal divine being. Krauss and
 company give this answer for all existence (and by
 implication being) questions regarding the uni-
verse. The multiverse is all that is, ever was, and
 ever will be, to paraphrase Carl Sagan.   An eternal,
 uncreated new nothing is not just any old brutely
 existing thing. Notwithstanding their best efforts,
 Dawkins, Hawking, and Krauss have not escaped
 divinity; they simply have adopted a different kind
 of divinity. This same assessment holds for cyclical
 models of the universe where there is an eternal
 cycle of Big Bang-Big Crunch events. Not only is
 there no way to get any empirical evidence for
 these cyclical models; they are simply another
 version of the eternal option.
 The third answer is that of monotheism. A non-
material eternal creator made the new nothing and
 perhaps through the new nothing created the uni-
verse (e.g., Jn :-; Col :-).
 Drawing on the doctrine of creation, Christians
 can resolve the scientific ambiguity along the lines
 of the third answer. Given a comprehensive doc-
trine of creation, the best theories in cosmology
 are consistent with our theological commitments.
 While the scientific results by themselves do not
 “prove” that God exists and is active in the universe,
 these results are fully consistent with a compre-
hensive doctrine of creation. Even the multiverse,
 as speculative as it is, can be understood in terms
 of the doctrine of creation. It might be the means
 through which divinely mediated action through
 the Son, the Spirit, and the creation itself worked
 5
 The original quotation is “The Cosmos is all that is, ever was, and
 ever will be,” from Carl Sagan,   Cosmos   (New York: Random
 House, ), . Sagan's claim essentially is Rev : (“‘the Lord
 God Almighty,' who was, and is, and is to come”), with “God”
 replaced by “the cosmos.” Not only is Sagan's claim an act of
 worship of the universe, it also is a stunning example of the dis-
placement of the triune God by nature; see Colin Gunton,   The
 One, the Three and the Many: God, Creation and the Culture of
 Modernity   (Cambridge: Cambridge University Press, ).
 to produce our life-affirming universe (§ .). After
 all, energy, laws of nature, and the multiverse had
 to come from somewhere unless you adopt the
 eternal option. Christianity offers a version of the
 third answer to the being question.
  10.3. DIAGNOSING 
  METAPHYSICAL NATURALISM 
 One way to diagnose the metaphysical-naturalist
 option that Dawkins, Krauss, and other atheists
 pass off as “science” is to notice how it reflects the
 either-or false dilemma discussed at the beginning
 of chapter two: events in nature are either the result 
 of God's unmediated intervention or the result of
 natural processes with no involvement of God
 whatsoever. This forced choice is characteristic of
 all atheist writings on science and religion but also
 quite pervasive in Christian writings too (e.g., in
 YEC literature and the writings of ID advocates).
 This is a false choice that atheist writers resolve in
 terms of the second horn of the dilemma: since they
 see no evidence of any unmediated interventions—
 interventions that clearly come from outside the
 natural order—then natural processes must be the
 only things at work in the universe. The idea such
 atheists push, that the universe had a “natural be-
ginning”—in other words, that its beginning had to
 be law-like—certainly does not license the con-
clusion that God did not create the universe unless
 one assumes this false choice. Nevertheless, as we
 saw in chapter two, there is at least one option left 
 out of this choice (hence why it is false): the various
 forms of mediated divine action. Clearly, a funda-
mental fallacy lies at the heart of atheist attempts to
 use science as a source of evidence against God's
 existence and activity in creation.
 Theologian Benjamin Breckinridge Warfield
 (–) is an example of someone who clearly
 takes this third option.   He argues,
 6
 See Mark A. Noll and David N. Livingstone,   B. B. Warfield: Evo-
lution, Science, and Scripture: Selected Writings   (Grand Rapids:
  Baker Books, ). 
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 Theism has, of course, no quarrel with second
 causes [the functional integrity scientists study].
 It would not substitute the direct divine action for
 the operation of the natural forces which God has
 made and which are real forces, really operative
 just because “he who can” has made them such.
 But neither can it permit second causes to be sub-
stituted for the living God, who doeth his
 pleasure amid the armies of heaven and among
 the inhabitants of the earth.
 Instead, drawing on a comprehensive doctrine of
 creation, Warfield advocated what is called   con-
cursus, the Latin form for concurrence. This is the
 idea that all events in nature and history are fully
 natural events   and   fully divine events. This is the
 ministerial mode of divine mediated action: God
 works with or through creation in such a way that
 everything that happens in creation is fully
 natural—worked out according to the persistent
 patterns of creation's functional integrity—and
 fully divine because it is the triune God working
 through that functional integrity to minister to cre-
ation, with the Spirit energizing and enabling it to
 fulfill its calling in the Son. God ordinarily works
 through the natural laws and processes of creation
 without violating or suspending them (chap. ). 
 Warfield was quite clear that he was offering a
 theological interpretation of the sciences—
 principally evolution—rather than proposing al-
ternatives. He grew up in a household that bred
 cattle (his father was a leading authority on cattle
 breeding), so the example of animal breeding was
 a very natural one to make his point: “Man may
 breed many varieties of pigeons, fowls, sheep; and
 the varieties he breeds may often come [by leaps].
 But they all find their account in the forces oper-
ating in the materials dealt with; man's directing
 hand cannot be traced in the chain of efficient
 causes, all of which are discoverable in the evolving
 stuff.”   In animal breeding, it is clear that humans
 7
 Quoted in Noll and Livingstone, -.
 8
 Noll and Livingstone, .
 are involved, but scientific investigation, at the ge-
netic level, say, reveals only the normal causes and
 processes at work, not signatures of human in-
volvement. Humans work through the regularities
 of creation, not apart from them, and that human
 hand is known differently than by scientific
 analyses. Similarly, God normally works through
 the regularities of creation, so whether in the
 origin of species or the universe, Christians could
 take the work scientists are doing and theologically
 see that God could be working through it all to
 achieve divine purposes. Mediated forms of divine
 activity, such as the ministerial mode, are dis-
cerned through theological rather than scientific
 means (Ps :-; ). This is one theological
 reason why we should not expect God's normal
 activity in creation to show up as scientific evi-
dence for God's existence (both atheists and ID
 advocates are guilty of falling into scientific evi-
dentialist arguments regarding God's existence).
 Another revealing diagnosis of the metaphysical
 naturalist option preferred by Dawkins, Krauss,
 and company is that it depends on an overly
 narrow epistemology that is inadequate for scien-
tific inquiry.   This epistemology is virtually indis-
tinguishable from scientism, maintaining that
 knowledge is only what is concretely demonstrable
 by the ways of knowing of the sciences alone. If
 something cannot be demonstrated along these
 lines, then it either is false, meaningless, or sub-
jective in the worst sense of the word. Many
 Christian apologists share this epistemology with
 their atheist counterparts, arguing that science
 proves God's existence, whereas atheists argue that
 science disproves God's existence. But, as argued
 in part one, this mischaracterizes scientific inquiry
 in particular and knowledge in general.
 9
 Robert C. Bishop and Joshua Carr, “In Bondage to Reason: Evi-
dentialist Atheism and Its Assumptions,”   Christian Scholar's
 Review    (): -; James Turner,   Without God, Without
 Creed: The Origins of Unbelief in America   (Baltimore: Johns
 Hopkins University Press, ).
  10 
 See Bishop and Carr, “In Bondage to Reason.”
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 For instance, the common-sense presupposi-
tions on which all scientific inquiry depends
 cannot be demonstrated by scientific ways of
 knowing (chap. ). Moreover, scientific methods 
 are not designed to prove (chap. ). Hence, both 
 kinds of scientifically based apologists betray a
 deep lack of understanding of scientific ways of
 knowing as well as confusion about what
 knowledge is. By allowing a narrow, scientistic
 understanding of knowledge to set the playing
 field for pursuing knowledge, Christians are basi-
cally engaging in a debate with both hands tied
 behind their backs. As we saw in part one, there
 are no good reasons to agree to this artificially re-
stricted, and ultimately self-defeating, view of
 what counts as knowledge. This is one philo-
sophical reason why we should not expect God's
 normal activity in creation to show up as scientific
 evidence for God's existence.
 We are suggesting that, absent metaphysics and
 theology, the sciences are ambiguous about God's
 existence and activity in creation. There is an im-
portant reason why we should expect this: the sci-
ences are rather mundane. Even astronomy, cos-
mology, and physics are ultimately about mundane
 things. They study how the universe is ordered and
 works. Despite all the amazing and impressive pic-
tures astronomers produce and the mind-blowing
 theoretical understanding of the universe cos-
mology provides, neither of these sciences has the
 right stuff on its own to say anything about God's
  existence and activity. 
 This goes back to a point made in chapter four: 
 scientific methods are designed to focus on   contex-
tually relevant physical possibility, not logical pos-
sibilities (§ .). By themselves, the sciences are
 incapable of addressing such significant questions
 as God's existence and the meaning of life. As-
tronomy, cosmology, and physics need a worldview
 to empower them to function as windows onto
 such larger issues. The doctrine of creation helps
 Christians to place these sciences in appropriate
 perspective. By contrast, metaphysical naturalism
 overinflates these sciences, leading to conclusions
 that cannot be justified based on astronomy, cos-
mology, and physics alone. This comparison pro-
vides one means for making a judgment about
 whether the doctrine of creation or metaphysical
 naturalism is the better framework for under-
standing scientific investigation and its results.
 Another comparison that allows us to make a
 judgment between the merits of the two frame-
works is to ask the following question: Suppose we
 adopt the doctrine of creation or metaphysical
 naturalism as our starting point. Which one of
 them makes better sense of our total experience in
 the world? And by making better sense of our total
 experience in the world, we don't mean scientific
 explanation. There is much more sense making
 needed for our total experience than scientific ex-
planation can ever hope to offer. Again, to think
 that scientific explanation is the only form of sense
 making is to be captured by scientism. We also
 need personal encounter and aesthetic and his-
torical understandings, among others, to make
 sense of our total experience in the world. Scien-
tific analysis is but one form of sense making that
 contributes to this grand project.
 The doctrine of creation allows us to make
 sense of why the common-sense presuppositions
 have appropriate motivation and justification. It
 also allows us to see that scientific ways of knowing
 are only some of the many ways of knowing
 available to humans and to be able to value   all
 these different ways of knowing and their contri-
butions. Moreover, the doctrine of creation allows
 us to make sense of people's religious experiences
 on their own terms.   Importantly, a trinitarian
 doctrine of creation helps us see that far from
 being mere hormonal reactions or a subjective
 state, love is of the essence of life and being and
 lies at the very core of our experience. Love is at
  11 
 Robert C. Bishop, “Psychology and Revelation,”   Research in the
 Social Scientific Study of Religion    (): -.
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 the heart of the community of the Trinity, whose
 very being makes the being of the cosmos possible.
 And given the ministerial nature of the creation, it
 is not surprising that love would manifest itself in
 a variety of ways in the creation, most notably in
 human persons. And so forth.
 If one were to start with metaphysical natu-
ralism, how would it do on making sense of our
 total experience in the world? How would it reveal
 the emergence of love in the universe and so on?
 Once these two attempts at sense making are com-
pleted, how would the two frameworks compare?
 This can give us further insight informing a
 judgment about the viability of the doctrine of cre-
ation versus metaphysical naturalism.
 At the very least, it should be clear that sciences
 such as astronomy, cosmology, and physics play
 only minor roles in these judgments about whether
 the doctrine of creation or metaphysical natu-
ralism has the better grip on reality. Dawkins,
 Krauss, and other atheists overplay the potential
 scientific implications for God's existence, not
 unlike their late nineteenth-century predecessors.
  10.4. THE DOCTRINE OF CREATION 
  AND INTERPRETING COSMOLOGY 
 Warfield provides a model for how Christians can
 engage sciences such as cosmology and evolution
 that some Christians have found so troubling the
 past few decades. This model is very similar to
 what Boyle and Newton did in the seventeenth
 century, and to what Millikan and Whittaker did
 in the twentieth (§ .): theologically interpret
 contemporary sciences.   This is a form of the
 partial-views model for relating science and the-
ology (§ ..). Instead of seeking to find a
 “Christian alternative” to contemporary sciences,
  12 
  Turner, 
 Without God, Without Creed; and Timothy Larsen,   Cri-
sis of Doubt: Honest Faith in Nineteenth-Century England   (Ox-
ford: Oxford University Press, ).
  13 
 Robert C. Bishop, “God and Methodological Naturalism in the
 Scientific Revolution and Beyond,”   Perspectives on Science and
 Christian Faith    (March ): -.
 this model uses a comprehensive doctrine of cre-
ation to interpret and discover further insight into
 these sciences. Section . provides some ex-
amples of how the doctrine of creation can help us
 see that there is more going on in contemporary
 astronomy, cosmology, and physics than those sci-
 ences alone reveal. 
 As an additional example, it is often claimed
 that scientifically the Earth is orbiting a very
 average—perhaps even subaverage—star on the
 edge of an average galaxy in a sea of two hundred
 billion galaxies (and perhaps in a universe that is
 one among an unimaginably large number of uni-
verses). From a strict scientific standpoint, this is
 hard to argue with. It is, after all, a reflection of the
 cosmological principle (there are no preferred
 places or directions in the universe; § .).
 Yet the Earth's location in the Milky Way is life
 affirming. It is far away from the radiation emitted
 by our galaxy's center (and its supermassive black
 hole). Being too close to that radiation would make
 it impossible for life to exist. The Earth is also far
 away from the turbulence that would make planet
 formation impossible. Furthermore, it is not very
 close to any other stars or near a stellar nursery,
 which would disrupt planet formation and plan-
etary orbits. And, as pointed out in section ., the
 Sun is of the right size to stably produce a steady
 amount of energy for about ten billion years. Thus
 there is something special, one can say, about
 Earth's location. This too is consistent with the cos-
mological principle because though it holds over
 the largest of cosmic distance scales it has some
  localized exceptions. 
 Nonetheless, through the doctrine of creation
 we are able to further see that there is plan and
 purpose at work here in connection with God's in-
tentions that the creation be filled with life. A
 galaxy the size of the Milky Way with a spiral
 structure is crucial for there being life on Earth.
 The rest of the Milky Way is not “wasted,” nor is it
 there just to be beautiful; rather, it ensures that
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 there are regions within the Milky Way that can
 support an Earth orbiting the Sun. In other words,
 the size and structure of the Milky Way ministers
 to Earth and life in general by providing suitable
 conditions to make its and the Sun's existence pos-
sible in a manner like the examples we see in Psalm
 . Astronomy, cosmology, and physics give us
 insight into the physical conditions for a life-
affirming galaxy; the doctrine of creation helps us
 see that these very same conditions are expres-
sions of the triune Creator's love and care.
 It has seemed somewhat commonplace since
 the myth that science and religion have always
 been at war was constructed in the late nineteenth
 century that many Christians have sought to re-
place the sciences of the day with Christian alter-
natives.   Atheists and the modern media expect
 this kind of alternative or replacement for contem-
porary science, too (it makes for bestselling books
 and compelling journalism). By adopting a com-
prehensive doctrine of creation, Christians can
 break out of these set expectations and the false
 either-or dilemma that powers these expectations
 and think Christianly about contemporary sci-
ences rather than antagonistically. In Psalm 
 the psalmist actually set the pattern for such robust
 theologically insightful engagement with the study
 of nature centuries ago. The challenge for us today
 is whether we can bring that level of engagement
 to the task of theologically understanding contem-
porary cosmology and other sciences.
 Finally, you might be wondering about whether
 or not we can conclude from the sciences alone
 that the universe, the Milky Way, the Sun, and
 Earth are designed for life. There has been a resur-
gence of interest in design and supposed scientific
 evidence for design since the late s in Christian
 circles. There is much that could be said about con-
temporary interest in design and the ID movement,
  14 
 Timothy Larsen, “‘War Is Over, If You Want It': Beyond the Con-
flict Between Faith and Science,”   Perspectives on Science and
 Christian Faith   , no.  (September ): -.
 and much about it does not bode well for robust
 notions of truth, science, or religion.   But here we
 want to focus only on the notion of design itself.
 The contemporary debates about design draw on
 the same picture of God as eighteenth-century
 design arguments did: an engineering picture of
 God. On this view, the Creator is the master en-
gineer, applying wisdom and power to the fash-
ioning of creation. Although perhaps a philo-
sophical picture of a creator, it does not comport
 well with the biblical picture of God as a loving and
 redeeming Creator intimately involved in the
  natural world. 
 What might be a conception of a designer that
 fits better with the biblical picture of God and a
 comprehensive doctrine of creation? Suppose we
 think about design along the lines of a director of
 an artistic performance. A good director guides,
 encourages, and works through the personalities,
 talents, and skills of the performers to achieve the
 goals of the performance. For example, if you were
 watching a play directed by a familiar director, the
 fingerprints of that director would clearly be
 visible. In contrast, for someone unfamiliar with
 the director and unwilling to make unwarranted
 assumptions about the director (such as the direc-
tor's aspirations, goals, or values), the director's
 fingerprints will not be evident.
 Creation as God's project resembles an artistic
 performance much more than it does an engi-
neered machine. Precision and timing are not the
 sole purview of engineering. An artistic pro-
duction needs such precision too. Think of the
 design and building of a theatrical set and cos-
tumes, placement and use of props, lighting, the
 timing of the delivery of lines and pauses, the ex-
actness of moments of action and inaction. The
 director provides important guidance and inspi-
ration for all of this precision to contribute to the
 fulfillment of the production's purposes.
  15 
  Kenneth R. Miller, 
 Only a Theory: Evolution and the Battle for
 America's Soul   (New York: Viking, ).
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 Nature has the same ambiguity for those who
 are acquainted with God and those who are not so
 acquainted. These two different audiences in-
terpret the performance quite differently. This is
 the biblical ambiguity described in this chapter.
 Moreover, the idea of directing an artistic perfor-
mance matches well with the “two hands” and
 ministerial modes of divinely mediated action. The
 Son is the director guiding the performance, the
 Spirit is the energizer and enabler of the perfor-
mance, and the qualities and capacities of creation
 itself perform, producing galaxies, stars, planets,
 and life. The sciences can tell us much about how
 creation carries out these performances, while the
 doctrine of creation helps us to see that it is God
 who makes the performance possible and is com-
pleting an artistic project of cosmic proportions:
 the new creation (chap. ). 
  10.5. THE DOCTRINE OF 
  CREATION AND TELEOLOGY 
 A comprehensive doctrine of creation reveals that
 creation has a telos, a purpose or end toward which
 it is moving (chap. ). Scientific inquiry reveals no 
 telos because its methods are not designed to dis-
cover purpose and meaning (§ .). Empirical,
 theoretical, and analysis methods are very good at
 exploring the processes, properties, and laws of
 nature, but they tell us little if anything about God's
 plans and purposes for creation. Scientific methods
 are devoid of teleology and have been since the
 development of modern sciences by Bacon, Galileo,
 Kepler, Gassendi, Boyle, Newton, and others.
 When one is under the influence of metaphysical
 naturalism and/or scientism, it is quite easy to con-
clude that since scientific inquiry does not reveal
 teleology and purpose, we must live in a pur-
poseless, meaningless, unguided universe. But this
 is a fallacy based on scientism known as hasty gen-
eralization, assuming that scientific knowledge
 and insight are all there is to be had. Simply be-
cause teleology—final causes—has been largely if
 not totally absent from scientific inquiry in no way
 implies that the universe is devoid of purpose. Sci-
entific inquiry abstracts away from meaning,
 purpose, and value for legitimate explanatory pur-
poses.   At most, scientific investigation's es-
chewing of teleology implies scientific knowledge
 will be limited and complementary to theological
 and other forms of knowledge that are teleological.
 Some Christians want to push back against this
 ambiguity in the form of natural theology based on
 passages such as Psalm :- and Romans :.
 These passages seem to say that humans can see
 God through creation, so scientific investigation
 must be revealing God to us in some more objective
 fashion. As we have said repeatedly, scientific
 methods are not designed to carry this burden.
 More importantly, when seeking the implications of
 such biblical passages for natural philosophy, we
 must keep in mind their cultural context: David
 and Paul were writing in cultures in which ev-
eryone saw signs of divinity everywhere. The
 question was   which god(s)   were acting in the world
 such that humans were “without excuse.”   As Paul
 continues his discussion in Romans, it becomes
 clear that he has this context in mind when arguing
 that people trade out the Creator God for nature
 gods and other idols. Neither David nor Paul ad-
dresses a science-based natural philosophy. Rather,
 they are addressing how knowledge of the living
 God enables believers to clearly see God at work in
 creation when this is muddled for nonbelievers. A
 comprehensive doctrine of creation is crucial to
 this right seeing of the Creator in creation.
 The doctrine of creation enables us to recover a
 profound truth about the creation that astronomy
 and cosmology cannot see: the Trinity's purpose
 for creation has always been new creation in the
 Son (chap. ). From this vantage point, we can see 
 that the universe is no meaningless mechanism, no
  16 
  Robert C. Bishop, 
 The Philosophy of the Social Sciences   (London:
 Continuum, ), esp. chap. .
  17 
 We thank Wilson Poon for this insight.
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 home barren of meaning. Moreover, the universe
 is not beyond redemption. The cosmos has a rel-
ative freedom and capacities to participate in its
 own coming to be; yet, no matter what course this
 freedom takes, the creation will be brought to con-
summation in the Son, through the Spirit, to the
 praise of the Father. There is more going on in and
 with nature than scientific methods of investi-
gation can uncover. This means that not only can
 we praise God for all the amazing things the sci-
ences reveal to us about creation, but we can also
 know every day that we live in a world richly
 imbued with meaning and purpose. All things are
 already reconciled in Christ (Col :)!
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  ORIGIN OF THE EARTH 
  AND SOLAR SYSTEM 
  THIS CHAPTER COVERS: 
 The formation of the solar system
 Observations of other planetary systems in
  our galaxy 
 Evidence for the origin of the Earth and Moon
 Differentiation of the Earth's core, mantle,
  and crust 
 We begin our exploration of Earth origins and
 history, the overarching topic of part three, by
 going back to the time in cosmic history to when
 our solar system formed, with its star (our Sun),
 the planets, their moons, asteroids, and comets.
 Theories for the origin of the solar system emerged
 with the collection of reliable astronomical data on
 the planets particularly after the invention of the
 telescope in the seventeenth century. Eighteenth-
century European natural philosophers Emanuel
 Swedenborg, Immanuel Kant, and Pierre-Simon
 Laplace proposed early ideas that are very close to
 the modern theory. Our present understanding of
 how our solar system developed is also based on
 computer modeling that simulates the motions
 and interactions of materials from which the Sun,
 planets, moons, and other bodies were formed. In
 the past twenty-five years we have obtained images
 of planetary systems (stars with planets) in our
 galaxy showing various stages of formation. Some
 of these observations are surprising and suggest
 that not all planetary systems form in exactly the
 same way. Our understanding of creation's regu-
larities and their role in the formation of solar
 systems still has a long way to go. Robotic landers
 and rovers now explore planets, moons, asteroids,
 and comets in our solar system, providing essential
 geological and chemical information about their
 origins. Before the middle of this century, humans
 will return to the Moon, travel to asteroids, and
 begin exploration and colonization of Mars.
 Imagine what it would be like to explore another
 world for clues about its origin (see “Going Further:
 A Geology Field Trip”).
  11.1. FORMATION OF THE 
  SOLAR SYSTEM 
 Basic properties of the solar system are accounted
 for in the modern theory for its origin. These basic
 properties are described in this section, followed
 by hypothetical explanations leading to the
  modern theory. 
 ... Basic properties of the solar system.   Astro-
nomical observations provide precise information
 on the orbital, rotational, and structural properties
 of the Sun, planets, and moons.
  Orbital properties include: 
 •
 The solar system is a flat disk with planets in
 orbital paths in about the same plane.
 •
 Orbits of the planets around the Sun are
 nearly circular and near the plane of the
 Sun's rotation (fig. .). 
 •
 Viewed from above the solar system, all of
 the planets revolve around the Sun in a coun-
terclockwise motion. Most of the planets
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 rotate (spin) in the same counterclockwise
 manner. The exceptions are Venus and
 Uranus, which spin in a clockwise direction.
  Rotational properties include: 
 •
 The Sun and planets' axes of rotation are all
 tilted (like a toy spinning top tilts and
 wobbles as it spins). Most planets have axial
 tilts of less than thirty degrees (measured as
 the angle between the planet's equatorial
 plane and orbital plane).
 •
 The Sun possesses . percent of all mass in
 the solar system but only  percent of the
 total angular momentum of the planets.
 •
 The rotation of moons (often referred to as
 satellites) around their planets also mimics
 the counterclockwise movement of the
  greater solar system. 
 Structural properties of the solar system include:
 •
 The distances of the successive planets
 outward from the Sun increase in a mathe-
matically regular manner, described by the
 Titus-Bode law. The law holds with errors
 from actual distances of less than  percent
 for most planets. The law predicts a planet in
 the orbit of the asteroid belt between Mars
 and Jupiter. The law poorly predicts Nep-
tune's actual distance from the Sun.
 •
 The innermost planets, Mercury, Venus,
 Earth, and Mars, are composed of rocky ma-
terial, rich in the elements iron, oxygen, and
 silicon. These   terrestrial   planets have den-
sities of between . and . grams per cubic
 centimeter. In comparison, pure water has a
 density of . grams per cubic centimeter.
 •
 The outermost planets, Jupiter, Saturn,
 Uranus, and Neptune, are   gas giants   com-
posed of volatile compounds, rich in hy-
drogen and helium surrounding rocky cores.
 The densities of the outer planets range be-
tween . and . grams per cubic centimeter.
 Getting to the contemporary explanation for the
 formation of the solar system offers a good ex-
ample of how scientists construct theories. We
 have described a scientific theory as a systematic
 body of knowledge including facts, laws, premises,
 inferences, and tested hypotheses used for under-
standing some domain of the creation. As such, a
 theory for the origin of the solar system must ac-
count for all of the physical, chemical, and astro-
nomical properties reviewed above. In the be-
ginning of the theory-making process, there may
 be different ideas of how things happened that are
 developed from the same body of evidence. This
 approach is known as the   method of multiple
 working hypotheses   (which is a form of the method-
evidence link inference to the best explanation,
 §
 ..). American geologist Thomas C. Cham-
berlin (–) was a staunch advocate of this
 approach. He also happened to have a hypothesis
 for the formation of the solar system that turned
 out to be only partly correct.
 ... The planetesimal hypothesis.   Chamberlin and
 his University of Chicago colleague Forest Ray
 Moulton (–) envisioned a massive star
 passing by our Sun, causing matter from both ob-
jects to be pulled into a hot, gassy filament of ele-
ments between them. After the rogue star moved on,
 some of the matter strung out from the Sun con-
densed into rocky or icy bodies called   planetesimals.
 Eventually the planetesimals collided to form the
 planets and their moons, which assumed their or-
bital motions. There are problems with this hy-
pothesis, which led to its abandonment by the early
 twentieth century. For example, there is no evidence
 of that rogue star moving away from our solar
 system. Such encounters in our galaxy are extremely
 rare. Chamberlin and Moulton thought that
 fuzzy spiral objects being discovered in their
 time with giant telescopes were examples of
 nearby solar systems forming in the same
 manner as their hypothesis. It turned out that
 the spiral objects were not solar systems but
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 more distant galaxies. Furthermore, principles of
 physics would not favor hot gases in the filament
 condensing into large planetary bodies leading to
 stable orbits around the Sun.
 ... The nebular hypothesis.   The main competing
 idea, the one advocated by Kant and other eigh-
teenth-century natural philosophers, involves the
 formation of the Sun and planets from a collapsing
 cloud of interstellar gas and dust. As the cloud con-
tracted toward its center, particle collisions even-
tually resulted in most of the particles spinning in
 the same direction. Gravity pulled most of the
 mass toward the center of the rotating cloud, and
 the cloud collapsed into a spinning disk due to con-
servation of angular momentum. Our Sun formed
 out of the concentration of mass at the center of
 the cloud, and the planets aggregated out of the
 collisions of rock and ice in the spinning disk. This
 general scenario, known as the   nebular hypothesis,
 Figure ..   Top: Images of the planets in our solar system showing relative diameters. Bottom: Orbital paths of the outer planets around the Sun
 (Mercury, Venus, and Earth are not included). The NASA website Eyes on the Solar System offers a visual and interactive tour of the solar system;
  see http://eyes.nasa.gov/. 
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 Going Further: A Geology Field Trip
 One day in August , two men were collecting rocks at a place called Hadley Rille. It was not a typical day for them. Yes,
 they were working in broad sunlight, and it was daytime somewhere on Earth, but Hadley Rille is on the Moon. Years of
 geological training had transformed these test pilots into competent lunar explorers. During the second day of excursions
 from their spacecraft home, Dave Scott picked up an interesting-looking rock that was different from all the other rocks
 they had collected so far. “Oh boy. Look at that!” His partner Jim Irwin replied, “Oh man. I got it. Look at that glint! I can
 almost see twining in there!” As Irwin chuckled at the discovery, Scott announced to mission control on Earth, “Guess
 what we just found. Guess what we just found! I think we found what we came for. Look at the plage in there. I think we
  might have ourselves something close to anorthosite, 'cause it's crystalline, and there's just a bunch....  It's just almost all 
 plage. What a beaut.”a  Following mission procedures, the rock was given a numerical designation: sample .
 Scott was holding a fragment of anorthosite, an igneous rock composed of the mineral plagioclase (what he called
 “plage”). Anorthosite rocks on Earth are generally very old. For example, based on various radiometric-dating techniques
  (chap. ), the anorthosite bedrock of the Adirondack Mountains of New York yields ages of , to , million years. 
 Even older terrestrial anorthosite at Mount Narryer, Western Australia, is dated at , million years.b
 Geologists hoped to find anorthosite on the Moon for several reasons. They predicted that rocks at the Apollo  site
 should include some of the oldest lunar crust. They were also testing various hypotheses for the origin of the Moon. One
 idea was that the Earth, Moon, and meteorites (rocks that fall to the Earth from space) were formed at about the same
 time and from the same materials early in the history of the solar system. If so, the oldest Earth and Moon rocks and
 meteorites should be close to the same age. Even before the sample returned to Earth with the crew, media reporters
 started calling it the Genesis Rock.
 Naming sample  the Genesis Rock gave it a powerful connection to the wider human project of understanding
 creation. The general public, the media, astronauts, and even scientists embraced the connection. After Apollo , James
 Irwin dedicated his life to Christian evangelistic ministry. He carried a replica of the Genesis Rock and frequently referred
 to it in his presentations to audiences around the world. His message was that seeking a personal relationship with the
 God who created the Moon is still relevant in the space age. The
 story of the Genesis Rock reminds us of how the scientific study of
 creation makes it all the more remarkable, and how biblical and
 scientific accounts, despite their different purviews and purposes,
 remain inexorably linked in our understanding of origins.
 Indeed, the Genesis Rock was among the oldest Moon rocks
 recovered by the Apollo expeditions (–), dated to about
 four thousand million years (fig. .). The Apollo  crew col- 
lected an older, ,-million-year-old anorthosite. How do
 these ages compare with the ages of the oldest Earth rocks and
 meteorites? A belt of rocks in Northern Quebec, Canada, the
 oldest-known Earth rocks, is , million years old. The oldest
 date from an Earth mineral is , million years, from rocks in
 western Australia. Meteorites are dated between , and
 Figure ..   Fragment of Apollo  sample ,
 the Genesis Rock. This anorthosite is composed of
 very coarse plagioclase feldspar crystals.
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 appears to comport best with geological and
 astronomical observations of our solar system
  and beyond. 
 We start with a molecular cloud in outer space.
 Most of the space in our galaxy is almost empty,
 containing about one atom per cubic centimeter.
 However, our galaxy contains many interstellar
 clouds composed of scattered gas and dust (fig. .). 
 Most of the mass in these clouds is gaseous hy-
drogen (H) and helium (He), with molecules of
 hydrogen, carbon (C), nitrogen (N), oxygen (O),
 ammonia (NH), carbon monoxide (CO), and
 complex organic molecules. A very small fraction,
 less than  percent, of the mass in the cloud includes
 , million years old (, million years is generally taken as the average of these measurements). Any scientific
 explanation for the origin of the Earth, Moon, and meteorites must take into account the range of these ages and
 physical characteristics they possess. In fact, their ages and characteristics should fit into any theoretical explanation
 for the origin of the entire solar system.
 Determining the ages of rocks by radiometric dating is essential to understanding the origin of the planets in our
 solar system and unraveling a chronological history of the Earth. But how sure are scientists about radiometric dating
 and ages of rocks older than hundreds of millions of years? Radiometric dating is explained in chapter fourteen. In this 
 chapter we look at the current theory for the formation of the solar system based on other kinds of evidence.
 a
 Transcript from E. Jones, ed., Apollo  Lunar Surface Journal, www.hq.nasa.gov/alsj/a/a.spur.html, revised . 
 b
 J. S. Myers, “Oldest Known Terrestrial Anorthosite at Mount Narryer, Western Australia,”Precambrian Research    (): -.
  MuchofthissidebarfirstappearedinStephenO.Moshier,“TheGenesisRock,”BioLogos,October,,https://biologos.org/blogs/archive/the-genesis-rock. 
 Figure ..   Embryonic planetary systems in the Orion Molecular Cloud Complex. Disks of gas and dust left over from the formation of a new star
 give rise to solar systems.
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 heavier elements such as silicon (Si), iron (Fe),
 magnesium (Mg), aluminum (Al), sulfur (S), and
 calcium (Ca) that exist in a dispersed rocky dust.
 In section . we described how supernova events
 create elements heavier than iron and that the
 gravitational collapse of material from molecular
 clouds forms stars. So the origin of planets and
 solar systems is tied to the general formation of
 stars of about the same mass of our Sun, an ex-
ample of creation ministering to creation.
 Why does the molecular cloud begin to col-
lapse? Gravitational attraction between particles
 is the primary force, but as the small particles
 collide they will tend to disperse in a way that
 counteracts the collapse. For contraction to occur,
 there must be a set of conditions in the cloud
 wherein there is sufficient mass and density of
 particles such that the inward gravitational force
 will exceed the outward dispersive force. Recently
 many scientists have suggested that there must
 have been an additional external force to trigger
 the collapse. Their ideas include intense radiation
 and solar winds from nearby massive stars, colli-
sions of gas clouds, or the shockwave from a
  nearby supernova event. 
 The development of a rotating disk from the
 collapsing molecular cloud is consistent with the
 orbital properties of our solar system—namely,
 the rotation of the Sun and orbital motion of
 the planets along nearly the same plane and in the
 same counterclockwise direction. Conservation of
 angular momentum of particles in the rotating,
 collapsing cloud causes the mass to be flattened
 into an ever-faster-rotating disk, just as ice skaters
 spin faster by drawing their arms inward. In this
 condition the inward gravitational force balances
 the outward inertial force.
 The increasing frequency of particle collisions
 converts kinetic energy into heat energy, so the
 temperature of the disk rises to thousands of de-
grees Celsius. A protostar forms at the center of the
 disk, where most of the mass is accumulating and
 1
 M. Gritschneder et al., “The Supernova Triggered Formation and
 Enrichment of Our Solar System,”   Astrophysical Journal   
  (): . 
 Going Further: The Method of Multiple Working Hypotheses
 T. C. Chamberlin's explanation of multiple working hypotheses was published in the   Journal of Geology   in . In the
  introduction he writes, 
 Scientific study designed to increase our knowledge of natural phenomena can follow at least three different
 intellectual methods. These can be called the method of the ruling theory, the method of the working hypoth-
esis, and the method of multiple working hypotheses. The first two are the most popular but they can, and often
 do, lead to ineffective research that overlooks relevant data. Instead, the method of multiple working hypoth-
eses offers a more effective way of organizing one's research.a
 Chamberlin's research interests ranged from ancient lake deposits in the western United States to the formation of
 planets. He was aware of older explanations for the solar system formation, but offering alternative hypotheses based
 on observations forced scientists to look at each idea more carefully, thereby drawing useful information from each and
 leading to a stronger consensus view.
 You can read an abridged version of Chamberlin's Method of Multiple Working Hypotheses at www.gly.uga.edu 
  /railsback/misc/MWHReprise.pdf. 
 a
 T. C. Chamberlin, “The Method of Multiple Working Hypotheses,”   Journal of Geology    (): -.
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 also where it is the hottest due to compression
 from gravitational collapse. Land-based radio tele-
scopes and the Hubble Space Telescope have
 imaged protostar development. Many protostars
 with circumstellar disks of gas and dust feature
 streams of material shooting in opposite directions,
 perpendicular from the center of the plane of the
 disk (fig. .). This bipolar outflow from the poles 
 carries away mass from the protostar fed by the
 collapsing disk, and with it significant amounts of
 angular momentum, keeping the protostar below
 critical rotation. Loss of mass during star for-
mation by outflow may have resulted in drag on its
 rotational momentum. That may explain, in part,
 why our Sun's rotation is slower than predicted by
 the higher orbital angular momentum of the
 planets. Continued contraction within the pro-
tostar results in higher temperatures and pressures
 that trigger hydrogen fusion to helium in its core.
 At this point contraction ceases and the protostar
  becomes a star. 
  11.2. PLANETESIMALS TO PLANETS 
 A theory for planet formation out of a circum-
stellar disk was originally advanced by astron-
omers Carl Friedrich von Weizsäcker (–)
 and George Gamow (–) and is sup-
ported by land- and space-based telescope explo-
rations of the solar system and universe.   Recall
 that the inner planets are smaller, rocky masses
 with thin atmospheres and that the outer planets
 are hydrogen and helium gas giants with rocky
 cores. As contraction ended and the disk as-
sumed a somewhat stable rotation around the
 early Sun, the disk began to cool. Temperatures
 in the disk ranged from more than two thousand
 2
 Resources for this section include Ian Wright and David A. Roth-
ery, “The Origin of the Solar System,” in   An Introduction to the
 Solar System, rev. ed., ed. David A. Rothery, Neil McBride, and Iain
 Gilmour (New York: Cambridge University Press, ), -;
 Donald Prothero and Robert Dott Jr.,   Evolution of the Earth, th
 ed. (New York: McGraw-Hill, ); David J. Stevenson, “A Plan-
etary Perspective on the Deep Earth,”   Nature    (): -.
 degrees Celsius, close to the Sun, to zero degrees
 Celsius (freezing), out near the present orbit of
 Jupiter. The process of creating solid minerals and
 ices that eventually built planets out of elements
 in the circumstellar disk is called   condensation.
 Materials in the developing solar system formed
 at different temperatures following a conden-
sation sequence. Rock-forming minerals called
 oxides (e.g., spinel, MgAlO), iron-nickel metal,
 and silicates (e.g., pyroxene, CaMgSiO) con-
dense at temperatures ranging from fi fteen
 hundred to one thousand degrees Celsius (table 
  .). These refractory substances could condense 
 across the circumstellar disk as it cooled, but
 volatile substances rich in lighter elements could
 not condense in the hot inner region of the disk.
 Grains of material that condensed from the disk
 eventually began to stick together into larger par-
ticles in a process called   coagulation. Turbulence
 within the rotating disk created eddy currents that
 further concentrated particles into larger masses
 Figure ..   Herbig-Haro  (HH ) is a young star forming in the
 center of a sixty-four-billion-kilometer diameter circumstellar disk
 located between the two glowing halves of the hot, collapsing
 molecular cloud (nebula). Bipolar outflow in opposite directions
 along the star-cloud axis of rotation appears as green light sabers.
 This image was acquired by the Wide Field and Planetary Camera 
 (WFPC) of the Hubble Space Telescope.
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 called planetesimals of . to ten kilometers in di-
ameter. Other dynamic factors led to the segmen-
tation of the broad circumstellar disk into con-
centric rings populated by concentrations of
 planetesimals (figs. .  and .). The largest plan- 
etesimals had enough mass to attract other plane-
tesimals by a process called   gravitational focusing
 and eventually created larger   planetary embryos. A
 phase of runaway growth from the collisions of re-
maining planetary embryos formed the four inner
 terrestrial planets in their distinct orbits around
 the Sun. The concept of planetesimals is what
 Chamberlin and Moulton got right in their theory
 of planet formation, even though they were wrong
 about the matter for the solar system being pulled
 out of the Sun by interacting with a rogue star.
 The formation of terrestrial planets described to
 this point sounds something like making popcorn
 balls (popped corn pieces stuck together by corn
 syrup), but the process is more complex and is re-
flected in the interior structures of the planets.
 Planetary embryos were as large as several thousand
 kilometers in diameter. Continuous bombardment
 by smaller planetesimals kept much of the material
 in the planetary embryos in a molten (hot liquid)
 state. Less violent periods of time between giant
 Table ..   Condensation sequence of compounds forming out of the solar nebula.
  Rock-Forming Minerals 
  corundum 
  Chemical Formula 
  Al2O3 
  Condensation Temperature (°C) 
  1485° highly refractory 
  perovskite 
  CaTiO3 
  1374 
 °
  spinel 
  MgAl2O4 
  1240 
 °
  nickel-iron metal 
  CaMgSi2O6 
  1198 
 °
  pyroxene 
  Mg2SiO4 
  1177 
 °
  olivine 
  Ni, Fe 
  1171 
 °
  alkali feldspars 
  (Na, K)AlSi3O8 
  727 
 °
  troilite 
  FeS 
  426 
 °
  hydrated minerals 
  (variable) 
  277° to 57 
 °
  Molecular compounds (hydrated) 
  water 
  H2O 
 –
  93 
 °
  ammonia 
  NH3•H2O 
 –
  153 
 °
  methane 
  CH4•6H2O 
 –
  203 
 °
  nitrogen 
  N2•6H2O 
 –
  203° highly volatile 
 Source:   Mike Widdowson, “The Internal Structure of the Terrestrial Planets,”in   An Introduction to the Solar System, rev. ed., ed. David A. Rothery, Neil McBride, and Iain Gilmour (New York:
 Cambridge University Press, 2011), 47.
 Figure ..   Image of a circumstellar disk around a young star, HL
 Tauri, showing concentric rings of dust left over from star formation
 and gaps between the rings where planets may be forming. The star
 is probably less than one million years old and is located some 
 light years from Earth. The Atacama Large Millimeter/submillimeter
 array of radio telescopes captured the image.
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 impacts resulted in enough cooling for a
 thin crust to form over a magma ocean.
 Some scientists think that Mars is essen-
tially a planetary embryo that did not grow
 from further giant impacts within its or-
bital ring (fig. .). 
 When planetary embryos collided,
 there would have been nearly complete
 melting of the two objects. Melting and
 slow cooling by convection within the
 bodies allowed compounds and elements
 within the bodies to segregate; heavier
 elements such as iron and nickel sank
 toward the center of the bodies, sur-
rounded by a mantle of lighter, silicate-
rich magma. Eventually, all the planetary
 embryos in a given orbital ring coalesce
 until there is only one remaining planet
 of the maximum size possible for that
 orbital ring.   Simulations of planet for-
mation by computer modeling suggest
 that it takes from tens of thousands to
 hundreds of thousands of years for plan-
etary embryos to form, and up to one
 hundred million years before terrestrial
 planets the size of Earth and Venus attain
  their final mass. 
 The separation of materials in the ter-
restrial planets into core, mantle, and
 crust occurred during a final phase of
 planetary development called   differenti-
ation (fig. .). To create such distinct 
 compositional zones, the planets must
 exist initially in a nearly molten state. Col-
lisions of planetary embryos certainly
 produced enough heat for early differen-
tiation of core and mantle material. But as
 the planet in each ring grew closer to its final size,
 the decreasing number of planetary embryos led to
 3
 Astronomers now understand that Jupiter's orbit changed sig-
nificantly early in the history of the solar system, which had the
 effect of altering the orbits of other planets and redistributing
 protoplanetary materials between the successive rings.
 fewer collisions. Gravitational contraction and tidal
 forces (gravitational attractions between planets and
 moons) also produced some internal heat in the ter-
restrial planets. Residual heat from these mechanical
 processes dissipated as the planet cooled, but there
 is also an internal source of heat in terrestrial planets
 Figure ..   Cross-sectional view of accretion rings around Beta Pictoris. Dust and possible
 planetesimals appear to be concentrated in distinct rings (A-D) that orbit the star.
 Figure ..   The planet Mars is smaller than might be expected for its position in the solar
 system and might resemble a typical planetary embryo. Compare the size of Mars with Earth
 and Venus in figure .. 
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 that promoted more complete differentiation and is
 responsible for ongoing dynamic geological pro-
cesses such as volcanism and earthquakes. That
 source is the heat released by the   radioactive decay
 of isotopes of aluminum, uranium, thorium, and
 potassium (to be examined in chap. ). 
 Observations of young stars in our galaxy
 reveal a stage of development called a   T-Tauri
 phase   in which the star emits powerful solar winds
 (the star depicted in fig. . is in this T-Tauri 
 phase). It is likely that a similar period of strong
 solar winds early in the history of our Sun swept
 volatiles such as hydrogen, helium, water, and
 other gases from the inner portion of the disk,
 where terrestrial planets were forming, including
 the removal of the planets' primitive atmospheres.
 Planetary embryos in the outer solar system at-
tracted gases and volatile compounds that were
 abundant and stable in the outer rings to build
 giant planets of hydrogen, helium gas, and ice
 surrounding rocky-metallic cores (fig. .). By 
 virtue of their size and composition, the gas
 giants probably took much longer to form than
  the terrestrial planets. 
 Figure ..   Interiors of the terrestrial planets. Cores are composed of iron and nickel. Mantles are rich in silicate minerals, with abundant iron,
 magnesium, and calcium. Crust is composed mainly of silicate minerals that are enriched in SiO, sodium, and potassium relative to the mantle.
 Figure ..   Interiors of the outer gas giants.
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 Of course, the solar system contains more than
 just the Sun and eight planets. Many of the planets
 have orbiting satellites (moons). Some satellites
 appear to be stray asteroids that were captured by
 the planet's gravitational field. Satellites around
 the outer gas giants appear to have formed out of
 local accretionary disks that surrounded each
 planet and mimicked the development of the solar
 system (Saturn and Uranus still have ring systems).
 Earth's Moon may have formed from material
 ejected after a collision between the Earth and a
 rogue protoplanet early in the solar system's
  history (see below). 
 Many thousands of asteroids in an orbit be-
tween Mars and Jupiter are essentially rocky plan-
etesimals and smaller objects that did not accrete
 into a proper planet because of the strong gravita-
tional field of Jupiter.
 The Kuiper Belt is a swarm of thousands of plan-
etesimals orbiting the Sun beyond Neptune. The
 Kuiper Belt includes the dwarf planet Pluto, which
 was considered a proper planet until astronomers
 found nothing special that distinguished it from
 other residents of the belt.
 4
 Exciting results from the New Horizons mission to Pluto in 
 included images of icy mountain ranges and broad plains, giving
 many planetary geologists reason to argue for restoring Pluto to
  planet status. 
 Comets are essentially icy planetesimals that
 orbit the Sun in motions that are highly ellip-
tical and often out of the normal plane of plan-
etary revolutions. Astronomers believe that
 comets formed in the outer rings of the solar
 system but that most of them were forced by the
 gravitational effects of Jupiter and the other gas
 giants to the Oort Cloud, a spherical zone sur-
rounding the solar system that is thought to
 contain billions of comets.
 The interactions between the gravity fields of
 the giant outer planets and minor bodies in the
 Kuiper Belt may have resulted in changes in their
 orbits.   Jupiter appears to have moved toward
 the Sun. This is consistent with chemical evi-
dence that would require Jupiter to have formed
 under colder conditions (farther from the Sun).
 Saturn, Uranus, and Neptune appear to have mi-
grated outward from the Sun. There is some evi-
dence that Neptune was originally between
 Saturn and Uranus but moved to the outermost
 position among the planets. The unique
 clockwise rotations of Venus and Uranus, as well
 as the extreme tilt of Uranus's axis of rotation (
 °
 from vertical) could be explained by collisions
 5
 Harold F. Levison et al., “Origin of the Structure of the Kuiper
 Belt During a Dynamical Instability in the Orbits of Uranus and
 Neptune,”   Icarus    (): -.
 Going Further: Worlds in Collision?
 In  Immanuel Velikosky proposed that catastrophic events interpreted from ancient myths and the Bible were re-
sponsible for the organization of our solar system in his book   Worlds in Collision.a  He claimed that Venus originated from
 Jupiter only some , years ago and passed closely by the Earth twice in fifty-two years, followed by two Mars-Earth
 close encounters between twenty-eight hundred and twenty-six hundred years ago. While the book remains popular
 to the present time, most scientists have rejected his ideas as unscientific. Planetary motions required in Velikosky's
 theory are not consistent with physical laws such as conservation of energy and conservation of angular momentum.
 Lake- and ocean-sediment cores and ice cores on Earth do not contain any evidence of global catastrophes correspond-
ing to the proposed dates for the encounters. Finally, the compositions and orbital positions of Venus and Mars in the
 solar system do not require an extraordinary explanation.
 a
 Immanuel Velikosky,   Worlds in Collision
 (New York: Doubleday, ).
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 with moons or planetary embryos early in their
  history of development. 
 Deep-space observations from Earth and
 space-based telescopes are providing images of
 solar systems in the making, featuring circum-
stellar disks and accretion rings encircling proto-
stars (figs. .  and .). Of course, these objects 
 are so distant that what we are observing now
 really happened millions of years in the past
 (chap. ). We have seen many but not all of the 
 steps in solar-system formation and planetary
 development. Many of the solar systems have
 very different properties, such as gas giant planets
 orbiting very close to their suns. Obviously, solar
 systems may develop by different pathways, but
 notice that creation's functional integrity is
 always involved (§ ..).
  11.3. CORES, MANTLES, 
  AND METEORITES 
 An important part of the nebular-planetesimal
 theory for the formation of the solar system is
 how it explains the composition and makeup of
 the planets. But how do geoscientists know the
 interior structure of Earth and other planets?
 The energy released by earthquakes and nuclear
 explosions sends   seismic   (acoustic) waves that
 can travel through the entire planet. Different
 kinds of seismic waves travel at different speeds
 through solid, semisolid, or molten material in
 the layers. Seismographs that record the arrival
 times of seismic waves after an earthquake
 contain the information that is used to de-
termine the thickness and composition of the
 layers (see fig. .), enabling geoscientists to 
 infer the composition and makeup of the Earth.
 The brittle outer shell of the Earth is the   litho-
sphere. The lithosphere is – kilometers
 thick below the continents and seventy to eighty
 kilometers thick below the oceans. The upper
 portion of the lithosphere, composed of rocks
 that are exposed at the surface, is called the   crust.
 The underlying   mantle   is a layer ,–, ki-
lometers thick, composed mostly of dense sil-
icate rocks. The   core   composed of iron and nickel
 lies at the center of the Earth, with a radius of
 about , kilometers. The outer portion of the
 core is a dense liquid.
 The other terrestrial planets are thought to have
 a similar internal structure to Earth. We do not
 have seismic data from those planets (yet), but es-
timations of their interiors are based on astro-
nomical measurements that reveal the bulk density
 of the planets, which can be related to internal
 compositions and what we can observe directly
 about the composition of their crust (fig. .). 
 The iron core of the Earth is responsible for the
 Earth's magnetic field. A compass needle points
 toward the magnetic north pole because it aligns
 with the magnetic lines of force that correspond
 with the strength and direction of the field along
 the Earth's surface. Magnetism results from the or-
ganized movement of electrical charges, such as
 generated by the movement of electrons in a wire
 coiled around an electromagnet. The magnetic
 field is produced by the convection of molten iron
 in the outer core circulating around the solid-iron
 inner core, like an electrical dynamo. Along with
 Earth, strong magnetic fields are evident on
 Mercury and the gas giants Jupiter, Saturn, Uranus,
  and Neptune. 
 Meteorites, rocks that fall to the Earth from
 space, offer another important set of clues that
 relate to the internal composition of the terres-
trial planets.   A small percentage of meteorites
 may be fragments of lunar or Martian crust that
 were ejected into space after giant impact
 events. Most meteorites appear to be fragments
 of asteroids created by collisions in the asteroid
 belt. Since asteroids are essentially planetes-
imals that never gathered into a proper planet,
 6
 I. Wright, “Meteorites: A Record of Formation,” in   An Introduc-
tion to the Solar System, ed. D. A. Rothery, N. McBride, and I.
 Gilmour, rev. ed. (New York: Cambridge University Press, ),
  -. 
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 meteorites represent some of the original ma-
terial formed in the early development of the
 solar system. The minerals and metals that
 form meteorites were probably part of the con-
densation sequence of materials from the
 original solar nebula from which the solar
 system formed (see above). There are basically
 three classes of meteorites: irons, stones, and
 stony-irons (fig. .). 
 The mineral and chemical compositions of
 these different classes of meteorites compare with
 other features in the solar system. The irons can be
 compared to the composition of terrestrial planet
 cores. Chondrules in stony meteorites appear to
 have condensed directly from the primordial solar
 nebula before planets started forming and are the
 oldest dated materials in the solar system. Carbo-
naceous chondrites have essentially the same com-
position as the Sun, which is a strong indicator for
 a common origin (fig. .). 
 Figure ..   Examples of meteorites: iron, chondrite, achondrite, and stony-iron.
 Figure ..   The abundance of elements in the Sun against their abundance
 in carbonaceous chondrite meteorites relative to silicon on a logarithmic scale.
 The values represent the number of atoms of each element in the Sun or
 meteorites for every   atoms of silicon present. The plot of elements close to
 a straight line shows their similarity and suggests a common origin.
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 11.4.   BACK TO THE MOON
 Scientists considered three hypotheses for the
 origin of the Moon before the Apollo lunar expedi-
tions (recall the scientific method of multiple
  working hypotheses). 
 1. Capture: The Moon was a rogue body drifting
 through the solar system until it was captured
 by Earth's gravitational field, eventually set-
tling into a stable orbit around the Earth.
 2. Fission: The Moon was somehow pulled out of
 the Earth as it was forming or shortly after it
 formed. Perhaps the material that makes up
 the Moon spun off a very rapidly rotating
 proto-Earth. In the late nineteenth century,
 astronomer George Darwin (1845–1912), son
 of Charles Darwin, advanced this hypothesis
 based on the match between the diameter of
 the Moon and the width of the Pacific Ocean.
 3. Double planet: The Earth and Moon formed
 together out of the same material at the same
 time as a double planet.
 As with many scientific theories that emerge out
 of the competition of multiple hypotheses, it
 turned out that while all of these ideas were even-
tually rejected, each of them contained elements
 that are part of the currently accepted theory for
 the Moon's origin. It also turned out that going to
 the Moon and returning samples of its crust pro-
vided essential clues for testing each hypothesis.
 Two basic types of lunar crust are evident in a
 typical view of the full Moon (fig. .). Maria 
 (from the Latin for “sea”; singular, mare) are dark,
 broad, nearly flat, and circular regions. The maria
 are topographic depressions or basins that were
 filled with layers of   basalt, a finely crystalline rock
 composed mostly of olivine, pyroxene, and cal-
cium-rich plagioclase (fig. .a). On Earth, basalt 
 is erupted from volcanoes in an ocean setting,
 such as Hawaii and Iceland, and makes up most of
 the Earth's oceanic crust. Terrae (from the Latin
 for “land”), also known as highlands, are bright,
 mountainous, and highly cratered regions. Indeed,
 early astronomers thought that the maria were
 watery seas and the highlands were dry ground.
 Terrae represents the oldest lunar crust, composed
 of anorthosite such as the Genesis Rock collected
 by the Apollo  moonwalkers (fig. .b). 
 However it formed, the Moon must have started
 out as a molten ball with a small iron core
 Going Further: Meteorites Described
 Descriptions and abundances of collected meteorites are given below (see images in fig. .). 
 Irons—Irons are composed of coarse crystals of an iron-nickel alloy metal. Some irons contain fine inclusions of
 silicate minerals. Irons account for about  percent of the meteors that fall to Earth.
 Stones—Stones are composed of silicate minerals, mostly olivine and pyroxene. Stones account for about  per-
cent of the meteors that fall to Earth. Stones include chondrites, carbonaceous chondrites, and achondrites.
 Chondrites—Chondrules are small ( millimeter diameter) spheres of the silicate minerals embedded
 in a matrix of finer silicate minerals. About  percent of stones are chondrites.
 Carbonaceous chondrites—These chondrites also contain up to  percent by mass of carbon in organic
 molecules, including amino acids.
 Achondrites—These stones are similar in chemical composition to chondrites but have a texture of
 interlocking crystals similar to planet crustal rocks.
 Stony-Irons—Mixtures of the typical components of irons and stones.
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 surrounded by a magma ocean. Cooling
 resulted in a crust of anorthosite ranging
 from forty to fifty kilometers thick on
 the near side and ninety kilometers thick
 on the far side.
 The Apollo astronauts found the
 surface of the Moon to be a desolate land-
scape, riddled with impact craters of all
 sizes. In fact, the crust of the Moon is
 covered with a layer of dust and rock
 fragments generated by eons of bom-
bardment by meteorites, micromete-
orites, and charged atomic particles
 (ions) in solar wind. This lunar soil is
 called regolith (from Greek   rhēgos,
 “blanket” +   lithos, “stone”). Older surfaces
 feature more closely spaced craters and
 accumulations of regolith thicker than
 younger surfaces because they have expe-
rienced longer exposure to bom-
bardment. The Earth and Moon experi-
enced a period of   heavy bombardment   early in
 their history (between . and . billion years ago)
 after differentiation and enough cooling to es-
tablish a thick, brittle crust. These catastrophic
 impacts produced a rock of fragmented crust
 called breccia (fig. .c). 
 Heavy bombardment involved many collisions
 with large asteroids and comets, massive enough to
 create megacraters or basins that were several hun-
dreds of kilometers wide and several kilometers
 deep. Magma from pockets of molten basalt located
 deep within the Moon's mantle flowed into systems
 of fractures beneath the impact basins. Magma
 reaching the surface flooded the basins with layer on
 layer of basaltic lava up to five kilometers thick, cre-
ating the rather dark, flat mare terrain.
 Similarities in the chemistry and ultimate age
 of the Earth and Moon seem to indicate some kind
 of common origin (rejecting the capture hy-
pothesis). The relative ratios of stable isotopes for
 oxygen (O,  O,  O) and titanium (Ti,  Ti) in
 the Moon and Earth's mantle are virtually identical
 Figure ..   View of the near side of the Moon, taken by the unmanned Galileo spacecraft in
  on its voyage to Jupiter.
 Figure ..   Representative Moon rocks (left to right): (a) Basalt, Apollo  ; (b) Anorthosite, Apollo  , also known as the Genesis Rock;
 (c) Breccia, Apollo  .
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 Going Further: The Uniqueness
 of the Earth-Moon System
 The Earth-Moon system is unique in the solar system in a number of ways. Most striking is its large size relative to
 the size of Earth, with all the other planets being much larger in proportion to their satellites. The origin of the
 Moon and the resulting orbital dynamics of the Earth-Moon system may be responsible for conditions leading to
 the origin and long-term stability of life on Earth. Physicist Joseph Spradley compiled a list of what he calls   ten
  lunar legacies.a 
  1. 
 The giant impact event gave the Earth a five-hour rotation rate that was slowed by tidal interactions to the current
 twenty-four hours. The benefit of a fast rotation rate is moderation of daily temperature variations and conditions,
  promoting photosynthesis. 
  2. 
 The .-degree axial tilt of Earth relative to the elliptical plane probably resulted from the Moon-forming collision
 and is responsible for mild seasonal variations. A greater axial tilt might have caused freezing of the oceans to the
  equatorial regions. 
  3. 
 The Earth's atmosphere before the giant impact was probably richer in carbon dioxide (CO), like on Venus, where
 the greenhouse gas heats the atmosphere and surface beyond the boiling point of water.
  4. 
 The impactor contributed iron to the Earth's core, which along with the fast rotation rate created a strong magnetic
 field ( times greater than the other terrestrial planets). The Earth's magnetic field deflects high-energy charged
 particles in the solar wind that would have stripped ozone from the upper atmosphere (example of creation minis-
 tering to creation). 
  5. 
 The impactor may have increased the mass of the Earth by as much as  percent, resulting in stronger gravity to
 hold sufficient water vapor in the early atmosphere.
  6. 
 The impact probably resulted in a thinner crust and hotter interior for the Earth, promoting conditions for plate
  tectonics. 
  7. 
 Huge ocean tides early in Earth's history (hundreds of times higher than present tidal ranges) promoted erosion of
 surface rock far inland and enriched oceans with minerals required for life.
  8. 
 Lunar tides slowed Earth's rotation to optimize wind circulation and surface temperatures for life.
  9. 
 Tides produce tidal pools, where cycles of wetting and evaporation concentrate nutrients in the seawater, leading
 to the formation of protonucleic acid fragments that might have been involved in the origin of life (part ).
  10. 
 The Moon's gravitational force stabilized the tilt of Earth's axis from between twenty-two and twenty-five degrees,
 keeping seasonal climate variations in a favorable range for life.
 In  an additional lunar legacy was discovered:
  11. 
 Lunar tidal forces have stimulated convective motion of fluid in the Earth's outer core, thus maintaining Earth's
 magnetic field, which provides protection from harmful solar radiation.b
 a
  JosephL.Spradley,“TenLunarLegacies:ImportanceoftheMoonforLifeonEarth,”PerspectivesonScienceandChristianFaith(December):-. 
 b
 Denis Andrault, Julien Monteux, Michael Le Bars, and Henri Samuel, “The Deep Earth May Not Be Cooling Down,”Earth and Planetary Science Letters   
  (): -. 
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 and are quite different from Mars, as-
teroids, and meteorites (Mars compo-
sitions are based on analysis of mete-
orites that scientists believe traveled
 to Earth from Mars after great impacts
 there). Yet there are differences in the
 relative abundances of many specific
 elements in the Moon and whole
 Earth. The Moon appears to have
 more titanium and aluminum and less
 iron and volatile elements and com-
pounds than the Earth. The iron core
 of the Moon is proportionally much
 smaller than the Earth's core. This evi-
dence is consistent with the Moon
 forming from material coming out of
 the Earth's mantle some time after
 mantle-core differentiation. If the two
 bodies had formed at exactly the same
 time out of material condensing in the
 solar nebula as a double planet, there
 should be the same proportion of ele-
 ments in each. 
 So, if the Moon formed out of ma-
terial in the Earth's mantle, how was it
 extracted? For it to be spun out of the
 Earth, following the fission scenario,
 the Earth would have had to be mostly
 molten and spinning at an unlikely
 rotation rate of two hours or less (one day in two
 hours). But even if that did happen, the Moon
 should be revolving around the Earth's equa-
torial plane like the moons around many of the
 other planets. Instead, the Moon's rotational
 plane is inclined between . degrees and
 . degrees to the Earth's equator, and only
 about . degrees from the plane of the Earth's
 rotation around the Sun (called the elliptical
 plane). The Earth's axis is inclined about .
 degrees from its elliptical plane.
 If the Moon was not simply spun out of the
 Earth, scientists have proposed that it was “whacked”
 out. The giant impact hypothesis, advanced in 
 by William K. Hartmann and Donald R. Davis,
 holds that shortly after core-mantle differentiation
 a rogue planetary embryo struck the hot proto-
Earth, ejecting a ring of silicate magma around the
 planet (fig. .). Most of the impactor would have 
 been absorbed into the proto-Earth, and the Moon
 would have condensed out of the magma ring,
 much the way planets formed out of the nebular
 circumstellar ring. The standard proposal is that a
 Mars-size object hit the earth at an oblique angle
 7
 William K. Hartmann and Donald R. Davis, “Satellite-Sized
 Planetesimals and Lunar Origin,”   Icarus    (): -.
 a
 b
 c
  Lunar-forming giant impact 
  Core 
  Core 
  Magma disk 
  Silicate vapor 
  atmosphere 
  Radiative cooling 
 Blobs of iron settling
  to core 
  Partly 
  solidified mantle 
 Rest of disk falls
  back on Earth 
  Newly formed 
  Moon, mostly or 
  partly molten 
 Figure ..   Current giant-impact hypothesis for the origin of the Moon.
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 with a velocity of about fifteen kilometers per
 second. Recently published studies based on
 computer models show that collision with a
 smaller object could eject the required amount of
 material with the right chemical composition to
 form the Moon   if   the Earth's rotation rate ap-
proached the two-hour-day limit for a stable
 planet. These computer simulations predict that
 the Moon could have coalesced to its final mass
 in a matter of weeks.
 The Moon was closer to the Earth when it
 formed, and it would have exerted very strong
 tides, having the effect of slowing the Earth's ro-
tation. The Earth's rotation continues to slow, cur-
rently by about two seconds per one hundred
 thousand years. Daily growth lines in fossils (in-
cluding some species of coral, bivalve mollusks,
 and cyanobacteria mats) from different ages in
 Earth history show that the number of days per
 year has decreased from as much as four hundred
 days about four hundred million years ago to the
 present count of  days per year. The Moon con-
tinues to move away from the Earth by as much as
 a few centimeters per year.
 11.5.   EARTH IN THE
  HABITABLE ZONE 
 The current theory for the formation of the solar
 system, including the Earth and Moon, is based on
 evidence from astronomy and geology as under-
stood in the context of fundamental physical and
 chemical processes, the functional integrity of cre-
ation (§ ..). Computer models help scientists to
 test hypotheses by simulating the conditions, mate-
rials, and time required for processes leading to
 planet or moon formation. We can now observe solar
 systems forming in other parts of our galaxy (of
 course, what we see happened millions of years ago).
 By comparison to other planetary systems, it is
 clear that our Earth formed in what astronomers
 are calling the   habitable zone   of a planetary system
 (see chap. ). This is where planets can support an 
 atmosphere and hydrosphere with climatic condi-
tions tolerable for life as we know it, even if it is no
 more sophisticated than bacteria. The chemical
 composition of the atmosphere includes water
 and carbon dioxide (and potentially oxygen), and
 liquid water has to exist on the planet surface.
 Too close to the star, and there is runaway green-
house heating of the atmosphere, such as on
 Venus. Too far from the star, and the planet is
 deathly cold. If the planet's orbit is highly elliptical
 (deviated from a circular orbit), the planet will
 move uncomfortably between climate extremes
 with each revolution of its star. The habitable zone
 will move as stars become brighter during their
  main sequence. 
 Planetary systems beyond our solar system ob-
served so far appear to be very different from our
 own. Most of the discovered exoplanets are gas
 giants more like Jupiter than Earth, and many ex-
hibit very irregular orbits. The search for “Earth-
like” planets is complicated by our limited techno-
logical means to distinguish planets of our size.
 However, a few of the four thousand–plus exo-
planets discovered in the past twenty years are ter-
restrial planets approaching Earth's size and within
 the system's habitable zones.   Some astronomers
 estimate that one in ten planetary systems may in-
clude a habitable planet, which would translate to
 billions of habitable planets in our galaxy (and
 there are estimates of up to  billion galaxies in
 the universe). But habitable does not translate di-
rectly to inhabited or by any means inhabited by
  intelligent life. 
 All this reminds us of the unique conditions
 and circumstances leading to the formation of the
 Earth, our home. Titles from two books on the
 topic echo this theme of cosmic serendipity:   Rare
 8
 Ravi Kumar Kopparapu et al., “Habitable Zones Around Main-
Sequence Stars: Dependence on Planetary Mass,”   The Astro-
physical Journal Letters   , no. L (): -.
 9
 Jon M. Jenkins et al., “Discovery and Validation of Kepler-b:
 A . R⨁   Super Earth Exoplanet in the Habitable Zone of a G
 Star,”   The Astronomical Journal   , no.  (): -.
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 Earth   and   Privileged Planet.   The Christian per-
spective, informed by a comprehensive doctrine of
 creation, celebrates the uniqueness of Earth as the
 result of myriad materials and processes inter-
acting in a ministerial way to create a home for us
 (§ ..). God's providential involvement in
 forming the Earth is consistent with the functional
  10 
 Peter D. Ward and Donald Brownlee,   Rare Earth: Why Complex
 Life Is Uncommon in the Universe   (New York: Springer-Verlag,
 ); Guillermo Gonzalez and Jay W. Richards,   The Privileged
 Planet: How Our Place in the Cosmos Is Designed for Discovery
 (Washington, DC: Regnery, ).
 integrity exhibited in the universe and demon-
strated in ours and other planetary systems (
 §
 ..). Our natural explanations for their formation
 do not exclude God's involvement but reflect the
 mediation of natural processes to accomplish di-
vinely desired outcomes (see § .). There is no
 biblical basis for the expectation that God's cre-
ative work in the cosmos requires capricious inter-
ventions and suspensions of natural processes.
 Neither is there any biblical basis for being certain
 that God did or did not create other planets in-
habited by living creatures.
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  HISTORICAL ROOTS OF 
  GEOLOGY: CATASTROPHISM 
  AND UNIFORMITARIANISM 
  THIS CHAPTER COVERS: 
 Historical development of geology as a science
 with attention to engagement of Christians in
 geology and the reaction of the church to
 changing ideas about the nature of Earth history
 How basic principles of geology are applied to
  interpreting Earth history 
 Catastrophist and uniformitarian frameworks
  for geology 
 Origins of modern catastrophism as repre-
sented by young-Earth creationism
 The purpose of this chapter is to review the history
 of geology and to introduce basic knowledge and
 concepts developed by geologists to interpret the
 rock record. As we have seen in previous chapters,
 creation's functional integrity plays a crucial role
 in how geologists understand Earth structures and
 rocks. Tracing the emergence of ideas about how
 rocks and Earth structures formed provides a
 context for understanding and evaluating the con-
sensus and alternative views of Earth history that
 are debated in our time. Along the way, different
 kinds of rocks will be introduced and briefly de-
scribed. The names will be printed in bold typeface
 when they first appear in a chapter. An illustrated
 glossary with more information on those rocks is
 contained in section ..
  12.1. HOW TO LOOK AT ROCKS 
 Rocks are naturally exposed in mountain peaks
 and along deep river canyons. Other spectacular
 outcroppings have been created “unnaturally” in
 stone quarries and along highways. Artists from
 Ansel Adams to Vincent van Gogh have captured
 the beauty of rocks in their photographs and
 paintings, interpreting through their art what they
 see with their eyes (fig. .). Many people collect 
 stones that appeal to them because they are inter-
esting or pretty, or represent a special place where
 they were found. Those stones have their own
 stories that extend back in time beyond the
 moment of collection. The interpretation of a rock's
 story (or history) is possible using the basic
 methods of geology. In their training, geologists
 learn how to look at rocks with scientific eyes. They
 examine the materials carefully and evaluate the
 geological context of the rocks in the field. Modern
 geologists run experiments and develop computer
 models to replicate or simulate geological pro-
cesses, but observations in the field remain the
 foundation for geological theories.
 Geology, the study of the Earth and planets, is a
 science that draws heavily from physics, chemistry,
 and biology.   For Christians, geology provides an-
other window into the epic drama of creation.
 Ministerial action in the doctrine of creation—that
 is, mediated divine action through creation itself
 (§ ..)—was a powerful justification for the ad-
vance of science during the seventeenth century
 and understood by scientists and theologians of
 1
 Geology is the study of all solid bodies, including planets,
 moons, asteroids, and comets (rocky, icy, or both).
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 that era to be consistent with the basic presupposi-
tions of scientific study, including the uniformity
 of nature, that nature exhibits consistent patterns
 and that nature is intelligible (chap. ). All geo- 
logical theories of formation must conform to the
 basic physical and chemical laws of nature, whether
 they attempt to explain how layers of strata were
 deposited, how mountains formed, or how conti-
nents appear to have moved across the globe.
 After some  years of geological study, there
 is a consensus among scientists on the broad
 overview of Earth history. Corroborating the ob-
servations and conclusions of modern astron-
omers, geologists find evidence for an ancient cre-
ation extending billions of years back in time.
 Layer on layer of rocks in the Earth's crust preserve
 a record of how they formed, mostly by the same
 geological processes that are active and can be ob-
served today. Some contemporary Christian
 leaders urge their followers to reject this view of
 Earth history because it does not conform to their
 biblical interpretation of a recent creation only
 thousands of years ago (see § .. and chap. ). 
 Furthermore, their view of the Bible leads them to
 an alternative geology to explain Earth history,
 with an emphasis on the Genesis flood as a signif-
icant, global geological event (see chap. ). Well- 
funded Christian ministries promote their alter-
native geology through books, videos, internet
 resources, and museums. While a small minority of
 practicing scientists holds a recent-creation view, a
  poll found that one thousand American Prot-
estant pastors were evenly split when asked whether
 they believe that the Earth is approximately six
 Figure ..   Ravine   (), by impressionist painter Vincent van Gogh (–), is an interpretation of the rocks and wild vegetation in a
 mountainous canyon near Saint-Rémy, southern France.
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 thousand years old.   An author who recently
 studied national polls on creation questions con-
cluded that perhaps only  percent of Americans
 reject the idea of Earth being older than thousands
 of years, but that view among American evan-
gelical Christians is probably much higher.
  12.2. FIRST PRINCIPLES 
  OF GEOLOGY 
 Ancient cultures used Earth resources for tools,
 weapons, jewelry, and building stones. The   Natu-
ralis Historia   (Natural History), compiled by Pliny
 the Elder (AD –), contained descriptions of
 rocks, minerals, and fossils with fanciful interpreta-
tions of their origins.   For instance, fossil shark's
 teeth were called “tongue stones” (glossopetrae) be-
cause they resembled a human tongue. Pliny re-
corded the popular notion that they fell from the
 sky and were useful for telling fortunes or influ-
encing the weather. During the medieval period,
 Islamic scholars debated questions of geological
 nature, such as the origin of mountains (recog-
nizing a connection to earthquake activity) and
 their fate by erosion and transport of sediment to
 the sea. Renaissance German philosopher Georgius
 Agricola (–) laid the groundwork for scien-
tific study of the Earth in Christian Europe with his
 encyclopedic volumes on rocks, ores, and fossils.
 Prior to the mid-seventeenth century, ancient
 history was understood in the Western world pri-
marily from reading the Bible. Working at Oxford
 University, Bishop James Ussher (–) de-
termined the moment of creation as nightfall pre-
ceding Sunday, October ,  BC. Ussher's
 2
 “Pastors Oppose Evolution, Split on Earth's Age,” LifeWay Re-
search, January , , www.lifewayresearch.com/// 
  /pastors-oppose-evolution-split-on-earths-age/. 
 3
 George F. Bishop, Randal K. Thomas, and Jason A. Wood, “Amer-
icans' Scientific Knowledge and Beliefs About Human Evolution
 in the Year of Darwin,”   Reports of the National Center for Science
 Education    (): -.
 4
 For Pliny, a fossil was any unusual object excavated from the
 ground or extracted from rocks. Fossil comes from the Latin for
  “dug up.” 
 calculation was based on careful correlation of the
 biblical record with its genealogy and reported
 dates of events with other known ancient texts
 and astronomical tables. The full title of his 
 book is   Annals of the Old Testament, Deduced from
 the First Origins of the World, the Chronicle of
 Asiatic and Egyptian Matters Together Produced
 from the Beginning of Historical Time up to the Be-
 ginnings of Maccabees. 
 Notable natural philosopher Sir Isaac Newton
 (–) calculated a creation date at  BC.
 The six-thousand-year timeframe was consistent
 with the popular idea that each creation day repre-
sented one thousand years, following from two
 biblical passages stating that with the Lord a day is
 like a thousand years (Ps :;  Pet :). Ussher's
  BC creation date was included along the
 margin or footnotes of Genesis  in many versions
 of the Bible, including the King James Bible, for
 nearly three centuries. Another assumption about
 Earth history taken from Scripture was the idea of
 catastrophic processes shaping the Earth as it was
 created, culminating with the deluge of Noah, de-
scribed in Genesis –.
 Early in the Renaissance period, Leonardo da
 Vinci (–) made his own study of fossils
 and layered rocks. Unfortunately, his notes
 (written in reverse script) remained unpublished
 for two hundred years after his death. Da Vinci
 explored the idea of catastrophic deluge in his
 sketchbook and made careful observations of
 fossils extracted from rock. He concluded that the
 shells and sand found in rock accumulated on an
 ancient seafloor. He rejected the idea that the
 fossils and sediment were deposited by the tur-
bulent flow of a deluge.
 Nicholas Steno (–) and Robert Hooke
 (–) were two natural philosophers who
 contributed significantly to seventeenth-century
 geology. Both men carefully based their interpreta-
tions on objective observations and their under-
standing of natural laws and processes. Steno and
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 Hooke argued that “tongue stones” were indeed
 fossil shark's teeth, but more profound was their
 idea that all fossils were remains of ancient life.
 Hooke recognized that many fossils were similar
 but not identical to modern forms. The idea of
 species extinction was an early challenge to the
 prevailing assumption in the Christian world of a
 single creation, but extinction was not fully estab-
lished until the late eighteenth century.
 Steno's observations of layered rock exposed in
 Tuscany were organized into the basic   principles of
 stratigraphy, the foundation for study of geology in
 the field. The application of these principles of stra-
tigraphy to the geology of the Grand Canyon is il-
lustrated in figure .. 
 ... Superposition.   A vertical sequence of layered
 rock, such as one sees in the Grand Canyon, repre-
sents sequential deposition from the lowest layer
 to highest layer, oldest at the bottom and youngest
 at the top. Steno recognized that the layered rocks
 formed by the deposition of sediment by moving
 water, either on land or under the sea. Rocks com-
posed of mineral particles that are deposited by
 water, wind, or ice are classified as   sedimentary
 rocks. The most common sedimentary rocks are
 sandstone,   shale, and   limestone.
 5
 Section . contains an illustrated glossary of rocks. In this
 book the first mention of a rock that is featured in this glossary
 will be in bold.
 Figure ..   Several principles of stratigraphy apply to rocks in the Upper Granite Gorge in the Grand Canyon. Three basic kinds of rocks are present.
 Massive igneous and metamorphic rocks form the canyon walls immediately above the river (river hidden from view). Sedimentary rocks form
 strata that lay horizontally above the igneous and metamorphic rocks. Each layer of rock above the river is successively younger, following the
 principle of superposition. In other parts of the canyon, sedimentary rocks have been tilted, demonstrating original horizontality. Lateral
 continuity of strata is illustrated by the layers of sandstone that can be traced across the canyon and layers of limestone, sandstone, and shale that
 can be traced from peak to peak in the background. Finally, pink granite veins (or dikes) cut across the gray metamorphic rocks in the walls above
 the river. The granite is younger than the metamorphic rocks but still older than the overlying sedimentary rocks because the granite does not cut
 across the sedimentary rocks. The contact between the underlying igneous and metamorphic rocks and the overlying, horizontal sedimentary
 rocks is known as the Great Unconformity.
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 ... Original horizontality.   Steno noted that tilted
 strata formed some of the hills around Tuscany,
 where he lived. He wondered whether those layers
 were originally horizontal but fell into some kind
 of cavern in the crust.   He reasoned that fluid de-
position requires that strata were originally hori-
zontal. We know now that the tilting is the result of
 deformation deep in the Earth's crust by compres-
sional forces and that tilted beds have been up-
lifted to the surface.
 ... Lateral continuity.   Erosion can wear away
 layers of rock, such as in a great canyon, but the
 layers exposed on the walls of the canyon can be
 traced visually across the chasm. This may seem
 obvious in a location where you can see the gap
 between the rocks, but geologists apply the prin-
ciple of lateral continuity across greater distances
 where great volumes of original rock have been
 removed by erosion. Geologists call the method of
 making connections between the same strata
 across long distances   correlation.
 ... Crosscutting relationships and inclusions.   Here
 is a principle that is not attributed to Steno, but we
 will include it in the geologist's stratigraphy toolkit.
 Rocks are not always found stacked layer on layer
 as strata. Miners recognize veins of minerals that
 cut diagonally across layers of rock. Sometimes the
 layers are broken up by fractures called faults. Any
 feature that cuts across a layer (or layers) of rock,
 such as a mineral vein or fault, must be younger
 than the original rock layer. Sometimes pieces of
 older rock get incorporated into younger rock,
 which is a similar relationship that geologists refer
  to as inclusion. 
 While Steno showed that careful observation of
 the natural world could provide insights into the
 past that were independent of biblical sources, it
 is more than likely he assumed the rock layers
 formed in the creation timeframe of only thou-
 6
  Gabriel Gohau, 
 A History of Geology
 (New Brunswick, NJ: Rut-
gers University Press, ), -.
 sands of years and that some or all of the strata
 were deposited during the Genesis deluge. In his
 writing Steno did not attempt to correlate what he
 observed in Tuscany with the biblical narrative.
 Yet his observations of fossils and strata con-
formed with the view of creation's functional in-
tegrity (§ ..) in which the regular processes in
 creation allowed for sound inferences about their
 formation. After three productive decades pur-
suing medicine, anatomy, and geology, Steno de-
voted the rest of his life to theological studies and
 ministry by entering the Catholic priesthood
 (having converted from Lutheranism) and was
 eventually consecrated as a bishop.
  12.3. RECOGNIZING THE 
  ROCK CYCLE 
 The next advances in geology involved attempts to
 explain the origin of rocks in the Earth's crust.
 Benoit de Maillet (–) noticed evidence for
 ancient shorelines set landward of the existing
 Mediterranean coast, which he interpreted as due
 to a gradually falling sea level. His explanation en-
visioned a primeval ocean that covered the globe
 and stood above the oldest rocks of the crust, re-
ferred to as the   primitive   rocks. Primitive rocks
 were crystalline (rocks composed of interlocking
 mineral crystals) and lacked fossils, suggesting a
 time on Earth before life. As the global ocean dried
 up and shrank, submarine mountains in the prim-
itive crust were exposed to erosion by sea waves
 and weathering. Over time, successive layers of
 secondary   and   tertiary   rock were formed around
 the primitive uplands by erosion, mechanical
 transport, and deposition of sediments in the sea
 as it continued to shrink. These layers contained
 fossils of creatures that either lived in or were
 washed into the ancient sea.
 German mineralogist Abraham Werner
 (–) advanced this basic idea, which came
 to be known as   neptunism, after the Roman god
 of the sea, because of the inferred importance of





[image: ]
  HISTORICAL ROOTS OF GEOLOGY: CATASTROPHISM AND UNIFORMITARIANISM 
  225 
 seawater in forming rocks. Werner believed that
 all crystalline rocks precipitated out of the pri-
meval ocean, much like rock salt forms when sea-
water evaporates. Like de Maillet, he reasoned that
 layered (or stratified) rocks on the flanks on the
 primitive mountains were composed of mineral
 detritus derived from the primitive rocks as the
 shrinking ocean exposed them to weathering and
 erosion (fig. .). 
 Other theories of the Earth were emerging at
 the same time. Scottish naturalist James Hutton
 (–) believed that crystalline rock formed
 from the cooling of hot subterranean fluids that
 originated deep in the Earth's crust. He observed
 intrusions of the crystalline rock   granite   (typical
 of primitive rocks) into another rock. Using the
 principle of crosscutting relationships (§ ..),
 Hutton reasoned that molten granite flowed into
 cracks in the older rock and cooled into solid
 granite veins. The veins could be traced to larger
 bodies of granite that would have started as
 massive, buried chambers of magma. Active vol-
canoes, such as Mount Vesuvius in Italy, provided
 evidence of lava from deep in the Earth that
 hardened into crystalline rock. This alternative to
 neptunism for the origin of cr ystalline rock
 became known as   plutonism, after the Roman god
 of the underworld. Rocks that crystallize from
 magma or lava are called   igneous   (fire-formed)
 rocks. Common igneous rocks include granite
 and   basalt. Early geologists also recognized that
 rocks could be altered during burial, forming a
 class of   metamorphic   (changed) rocks like   slate
  and marble. 
 Hutton believed the guiding principle for inter-
preting rocks is the uniformity of natural processes.
 John Playfair (–), a Hutton protégé, sum-
marized this principle: “Amid all the revolutions of
 the globe the economy of nature has been uniform
 . . . and her laws are the only things that have re-
sisted the general movement. The rivers and the
 rocks, the seas and the continents, have been
 changed in all their parts; but the laws which direct
 those changes, and the rules to which they are
 subject, have remained invariably the same.”   A
 more popular statement of this principle, which
 came to be known as   uniformitarianism,   is “The
 present is the key to the past.”
 Hutton developed other ideas that revolu-
tionized the new science of geology based on ob-
servations of geological processes and features in
 his travels around the British Isles. An outcropping
 at Siccar Point, along the coast of Scotland east of
 Edinburgh, featured two sets of layered sand-
stones of different orientations separated by a dis-
cordant contact (fig. .). Geologists call this 
 discordant contact an   angular unconformity. The
 lower set of sandstone strata is tilted eighty de-
grees from horizontal. These layers are truncated
 and covered by another set of sandstone strata
 that is tilted about ten degrees from horizontal.
 Hutton realized that the lower set of strata were
 deposited in an ancient sea, buried in the crust,
 indurated (hardened), tilted by forces deep in the
 Earth, uplifted to the surface, and eroded to sea
 level. The surface above the tilted layers must have
 sunk, or subsided, below sea level so that it was
 covered by new layers of sand that were buried in
 the crust, indurated into rock, folded (but to a
 7
  John Playfair, 
 Illustrations of the Huttonian Theory for the Earth
 (London: William Creech, ), -.
 Figure ..   James Hutton,“Detailed East-West Section, Northern Granite, Isle
 of Arran, Strathclyde”(reproduction of a watercolor print, ca. ). Mountain
 peaks expose   primitive   crystalline igneous rock. Sets of   secondary   and   tertiary
 sedimentary strata lie against the mountains and extend across the flatter
 regions of the Earth. Younger intrusions of igneous rocks cut across the older
 igneous and sedimentary rocks, emanating from a deep magma source
  beneath the mountains. 
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 lesser degree than the underlying unit), uplifted
 to the surface, and currently undergoing erosion
 along the North Sea coast. He also noted that
 layers of loose sand covered the tilted bedrock
 where it extended beyond the shore, and he rea-
soned that the fresh layers of sand might someday
 experience their own journey of burial, indu-
ration, tilting, and uplift. The profound impli-
cation from these observations and interpretation
 was that cycles of geological activity were evident
 in the rock record. The rock cycle is one of the
 most basic concepts in geology, providing a de-
scription of the transformations of rocks in the
 Earth's crust. Chapter fourteen  contains a more 
 in-depth exploration of the rock cycle.
 Ideas of cycles of Earth history were popular
 among nineteenth-century natural scientists as
 they collected fossils and determined the order of
 strata that contained them. They recognized several
 unconformities in the overall succession of sedi-
mentary rocks that indicated repeated periods of
 deposition and uplift. However, the tempo, or pace,
 of the cycles remained a topic of debate. According
 to uniformitarianism, the cycles represented the
 steady-state progression of rock cycling (or recy-
cling) over time. Unconformities were simply evi-
dence of long periods of rock removal. Other
 natural scientists interpreted the unconformities as
 evidence of repeated catastrophic upheavals, or
 revolutions in Earth's history. This view came to be
 known as   catastrophism. In France, anatomist and
 paleontologist Georges Cuvier (–) recog-
nized that many fossils he studied, such as the ele-
phant-like mastodon, had no living counterparts
 and thus were evidence of extinctions that occurred
 during such revolutions of the Earth.
  12.4. DISCOVERY OF DEEP TIME 
 Plutonist James Hutton knew far less than we do
 now about the energy and material transforma-
tions in the rock cycle, but he was struck by the
 amount of time that would be required to accom-
plish the transformations he observed. Angular
 unconformities, such as exposed along Siccar
 Point, revealed ancient cycles of mountain
 building, with the discordant contacts repre-
senting vast amounts of unrecorded time (essen-
tially times of rock removal) between upheavals.
 Figure ..   Siccar Point, Scotland,
 along the North Sea coast. The
 discordant contact between the
 two sets of tilted rocks is called an
 angular unconformity. The lower
 sandstone is tilted eighty degrees
 northeast (nearly vertical). This
 measurement is called dip. The
 lower sandstone has a strike of
 north fifteen degrees west. Strike
 is the orientation of a line formed
 between the tilted plane of the
 rock layer and an imaginary
 horizontal plane. The overlying
 sandstone has a strike and dip of
 north forty-five degrees west, ten
 degrees northwest. Geologists use
 strike and dip to determine the
  three-dimensional geometry of 
  deformed strata. 
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 The inconceivable amount of time required for
 mountains to rise and fall to create angular un-
conformities in the rock record inspired Hutton's
 most memorable line, “The result, therefore, of
 our present enquiry is, that we find no vestige of a
 beginning, no prospect of an end.”
 Vast scales of geologic time, often called   deep
 time, challenged the common biblical interpre-
tation of a planet only thousands of years old. Yet
 many of the pioneering geologists of the early to
 mid-nineteenth centur y practiced a devout
 Christian faith. An early professor of geology at
 Cambridge University, Adam Sedgwick (–
 ), was an Anglican priest from a family of
 clergy. Other Anglican clergy making significant
 contributions to emerging geology included
 Oxford professor William Buckland (–),
 who described the first fossil dinosaur,   Megalo-
saurus; Joseph Townsend (–); and William
 Conybeare (–). Hugh Miller (–),
 who helped found the Free Church of Scotland
 (Presbyterian), was a prolific author of geology
 books written for the general public and con-
tributed many paleontological discoveries. Most
 authors expressed variations on two prevailing ap-
proaches to reconciling the Genesis account of
 origins with the emerging geologic record. In the
 chaos-restitution   or   gap view, the geologic record
 corresponds with an indefinite period of chaos
 (implied in Gen :) that precedes six days of reor-
dering/re-creating the present world (Gen :-).
 In the   day-age view, the days of Genesis are inter-
preted as very long periods of geologic time, as
 seen in the rock record.   Miller understood
 Genesis  as the Mosaic vision of creation, con-
densed in writing from the visions of Moses, to
 whom God had revealed a kind of time-lapse
 8
 James Hutton, “Theory of the Earth; or an Investigation of the
 Laws Observable in the Composition, Dissolution, and Restora-
tion of Land upon the Globe,”   Transactions of the Royal Society
 of Edinburgh   , no.  (): -.
 9
 This is an example of a concordist approach to relating the bibli-
cal account with geology (§§   ., ..).
 summary of creation history. By the late nine-
teenth century, most theologians and church
 leaders (representing conservative seminaries and
 denominations) held an old-Earth view, and refer-
ences to Ussher's creation date of  BC were
 removed from almost all English-language Bibles
  published after . 
 Curiously, the gap or day-age interpretations of
 Genesis could work with either uniformitarian or
 catastrophist interpretations of Earth history. Many
 Christian geologists of that era attempted to compare
 the chronology of creative events in Genesis  with
 the emerging   geologic column. Sedgwick, on the
 other hand, rejected this concordism and wrote, “But
 if the Bible be a rule of life and faith—a record of our
 moral destinies—it is not (I repeat), nor does it
 pretend to be, a revelation of natural science.”
 Catastrophism in Britain took the form of   di-
luvial   geology, the search for geological evidence
 of the Genesis flood. Isolated surface deposits of
 sediment no more than nine meters ( ft) thick
 on older bedrock were called   diluvium. These de-
posits were observed across the northern hemi-
sphere and thought to represent remains of the
 flood. Buckland promoted this view with evidence
 from a cave he studied containing what he inter-
preted as   antediluvian   hyena bones. Eventually,
 Swiss-born naturalist Jean Louis Agassiz (–
 ) persuaded Buckland that diluvial deposits
 were, in fact, evidence of the Ice Age. Christian
 geologists and theologians largely abandoned cata-
strophism and associated attempts to find (or even
 expect) evidence for the Genesis flood, along with
 Ussher's chronology, by the middle of the nine-
 teenth century. 
  10 
 Martin J. S. Rudwick,
 Earth's Deep History: How It Was Discov-
ered and Why It Matters   (Chicago: University of Chicago Press,
  ), . 
  11 
 This is an example of a nonconcordist approach to relating
 Christianity with geology (§   .). Quote from Michael B. Rob-
erts, “Adam Sedgwick (–): Geologist and Evangelical,”
 in   Geology and Religion: AHistory of Harmony and Hostility, ed.
 Martina Kölbl-Ebert, GSL Special Publications  (London:
 Geological Society, ), .
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  12.5. THE GEOLOGIC COLUMN 
  AND THE FOSSIL RECORD 
 The new geologists added detail to the general
 stratigraphic succession as they set about de-
scribing and mapping the rocks across the Eu-
ropean landscape. Applying Steno's general prin-
ciples of stratigraphy, geologists found that
 stratigraphic sequences across Europe shared
 similar characteristics. In fact, on many continents
 the oldest sedimentary rocks are deposited on
 older, eroded igneous or metamorphic rocks,
 forming an unconformity contact known as the
 Great Unconformity (fig. ., as seen in the Grand 
 Canyon). Younger stratigraphic successions are
 regularly punctuated by other unconformities,
 which indicate cycles of rock upheaval or sea-level
 change (fig. ., as seen at Siccar Point, Scotland). 
 Geologists also recognized the   principle of fossil
 succession   (adding to the list of four principles of
 stratigraphy in § .): that unique sets of fossils
 appear one on top of the other in the overall strati-
graphic succession.   William Smith (–)
  12 
 The principle of fossil succession is also known as faunal suc-
cession, but fauna refer to animal life (excluding flora, etc.). The
 succession of unique fossils, known as   index fossils, represent-
ing life on Earth at different times in its history, was recognized
 before Charles Darwin's formulation of biological evolution.
 Brief Biography: The Reverend Adam Sedgwick
 (1785–1873), Geologist and Evangelical
 Geology historian Michael Roberts believes that Adam Sedgwick should be of special
 interest to modern evangelical Christians.a  In our time, groups within the evangelical
 community reject geological interpretations of Earth history in favor of a literal six-day
 interpretation of Genesis. Sedgwick was dedicated to the ministry of the Church of Eng-
land, having inherited the position of vicar of Dent from his father. His love of science
 and mathematics led him to Trinity College, Cambridge, where eventually he was
 elected to the Woodwardian Professor of Geology in . As he pursued geological
 studies in the field across Wales and central England, he continued to preach with spe-
cial fondness for Paul and his letters. Evidence from geology for the antiquity of the Earth emerged rapidly during his
 lifetime. There was debate in the church about the implications for understanding the Genesis account of creation, but
 on the whole, there was little concern from church leaders that the account could not be interpreted in various “old
 earth” frameworks. Sedgwick held that the creation accounts were historical, but he avoided harmonizing them with
 scientific accounts. He employed his command of geology and theology in opposing a small but vocal group of clergy
 active during the second quarter of the nineteenth century (the evangelical antigeologists), who objected to geological
 claims for an ancient creation. His life and death are commemorated on a stone tablet in the church of his baptism and
 early ministry (St. Andrew's Church, Dent):
 As a man of science and a Christian he loved to dwell on the eternal power and godhead of the Creator as re-
vealed in nature and the fuller revelation of his love as made known in the Gospel of His son Jesus Christ. His
 Christian faith and hope is best told by his own last words “Wash me in the blood of the lamb. Enable me to
 submit to thy holy will. Sanctify me with thy Holy Spirit.”
 a
 Michael B. Roberts, “Adam Sedgwick (–): Geologist and Evangelical,” in   Geology and Religion: A History of Harmony and Hostility, ed. Martina
 Kölbl-Ebert, GSLSpecial Publications  (London: Geological Society, ), -.
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 applied fossil succession to determine the se-
quence of sedimentary rocks across England as he
 worked as a surveyor for canal excavations. He
 discovered that fossils could be used to show the
 relative position or age of rocks anywhere they
 were found. Smith's work led to the publication of
 the first geologic map of England in  (con-
sidered to be the first regional geologic map of sig-
nificant detail). Cuvier's paleontological work on
 the continent greatly advanced the concept of fossil
 succession with evidence from vertebrate animals.
 A grand succession of animal
 life emerged from study of the
 fossil record during the nineteenth
 century. Fossils in the oldest sedi-
mentary rocks above the Great
  Unconformity include inverte- 
brates with shells. Early geologists
 did not recognize that some sedi-
mentary rocks below the Great
 Unconformity surely do contain
 fossils, but only microscopic bac-
teria, including wavy and
 mounded structures built of fila-
mentous cyanobacteria, and rare
 soft-body impressions of multicellular organisms
 and their tracks. The overall succession of animal
 life in the geologic record, from first to last ap-
pearance, is primitive, soft-bodied marine animals;
 marine invertebrate animals with shells; fish; am-
phibians; reptiles; mammals; and finally birds.
 Early amphibians were the first animals making the
 transition from life exclusively underwater (in seas
 or lakes) to the land.
 Formalization of the geologic column began
 with field mapping of rocks in England and
 Wales in the early nineteenth century. Geologists
 started to subdivide the stratigraphic sequence
 into successive   systems   of strata. Sedgwick de-
Certainly, Darwin recognized fossil succession as evidence con-
tributing to his theory.
  13 
 Compare with table . in   §   ...
 fined the upper and lower limit of the Cambrian
 System, which happened to include the first
 rocks containing shelly fossils at the base of the
 English stratigraphic column. Work by other ge-
ologists defined the overlying systems: Ordo-
vician, Silurian, Devonian, Carboniferous,
 Permian, and so on (fig. .). The time intervals 
 in which stratigraphic systems were deposited
 were called   geologic periods. Thus the rocks of the
 Cambrian System were deposited during the
  Cambrian Period. 
 The successive order of geological periods led to
 the formation of a geologic timescale (fig. ., 
 left). Using index fossils, the periods were further
 subdivided into narrower zones of geologic time.
 Thus periods are divided into epochs, which are
 divided into ages. By  paleontologist John
 Phillips (–, William Smith's nephew) rec-
ognized patterns in the nature and diversity of
 fossil life that corresponded with groups of periods
 in the emerging geologic timescale (fig. ., right). 
 He developed the concept of three eras composed
 of the different periods:   Paleozoic   (ancient life),
 Mesozoic   (middle life),   Cenozoic   (new life).
 The geologic timescale was developed before it
 was possible to know exactly how old the rocks
 were at any point in the sequence. With the advent
 of radiometric dating in the twentieth century, it
 Figure ..   The subsurface geology between Wales and central England depicted in an early
 twentieth-century diagram. Different systems of strata are identified with names associated with the
 geologic timescale (see fig. .). These systems are typically bounded by discordant contacts that are 
 unconformities. The creator of this map, Rev. Sabine Baring-Gould (–), was an Anglican priest,
 scholar, and hymn writer whose work included “Onward Christian Soldiers.”
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 was possible to obtain accurate ages of igneous
 rocks (chaps.   and ). Volcanic lava flows, ash 
 falls, and magma injected between strata are espe-
cially helpful in bracketing the age of sedimentary
 rocks. Presently, there are other methods in ad-
dition to radiometric dating that can be used to
 date sedimentary rocks. Absolute dating methods,
 when applied properly, conform to the superpo-
sition of stratigraphic sequences and have made
 possible the assignment of numerical dates for the
 geologic periods (fig. .). 
  12.6. ACTUALISM: 
  UNIFORMITARIANISM RESET 
 British geologist Charles Lyell (–) pro-
moted uniformitarianism with vivid descriptions
 of geological processes and persuasive interpreta-
tions of rock formation and landscape devel-
opment in his three-volume   Principles of Geology
 (–). Charles Darwin took the first volume
 with him on the voyage of the   Beagle   (–)
 and found it formative in his thinking about
 natural history. He wrote, “The great merit of the
 Principles, was that it altered the whole tone of
 one's mind, & therefore that when seeing a thing
 never seen by Lyell, one yet saw it partially through
  his eyes.” 
 Lyell's presentation of uniformitarianism starts
 with the methodological presupposition that
 natural laws have not changed over Earth's history.
 This view is consistent with the functional in-
tegrity of creation (§ ..) and what in chapter 
  three  we called common-sense presuppositions 
 that enable the practice of science, including uni-
formity and consistency of patterns in nature. But
 Lyell also believed that rates of geological pro-
cesses and material conditions had not changed
 over Earth's history. Because most observed geo-
logic change is slow, the concept of   gradualism
 (gradual formation) became associated with uni-
formitarianism. Lyell was keen to show that
 Earth's history was a steady-state progression of
 cycles and not punctuated by catastrophic up-
 heavals or events. 
  14 
 Charles Darwin, “To Leonard Homer,” August , , Darwin
  Correspondence Database, www.darwinproject.ac.uk/entry 
  -. Darwin had the second and third volumes shipped to him 
 while on his voyage.
 0
  PERIOD 
  ERA 
  ERA 
  EON 
  23 
  66 
  145 
  201 
  252 
  299 
  2500 
  4000 
  4540 
  323 
  359 
  419 
  444 
  485 
  541 
  Phanerozoic 
  Cenozoic 
  Paleogene 
  Cretaceous 
  Jurassic 
  Triassic 
  Permian 
  Devonian 
  Silurian 
  Ordovician 
  Cambrian 
  Neogene 
  Mesozoic 
  Paleozoic 
  Pennsylvanian 
  Mississippian 
  Mesozoic 
  Paleozoic 
  Proterozoic 
  Archean 
  Hadean 
 Time in Millions of Years
  FOSSILLIFEDIVERSITY 
 Figure ..   Left: Geologic timescale with divisions and subdivisions of eons, eras, and periods and boundary dates in millions of years. Right: Diversity
 of fossil animal life estimated by John Phillips, based on collections of fossils from different geologic periods. Phillips recognized the three familiar eras
 of life he named Paleozoic, Mesozoic, and Cenozoic. Note that diversity drops precipitously at the end of the Paleozoic and Mesozoic eras, which are now
 recognized as significant mass extinctions in the history of life.
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 After Lyell and the success of the uniformitarian
 approach for interpreting geological formations
 and landscapes, geologists generally looked on the
 mere suggestion of catastrophic process with sus-
picion. However, many features studied by geolo-
gists in the twentieth century appeared to defy con-
ventional explanations. The first notable exception
 involved a unique landform called the Channeled
 Scablands in eastern Washington state, which looks
 like giant ripple marks across hundreds of square
 miles (fig. .). The movement 
 of water produces more familiar
 ripple marks in loose sand in
 a stream channel or beneath
 waves approaching a beach.
 University of Chicago geologist
 J. Harlen Bretz (–) pro-
posed that the Channeled Scab-
lands were formed very quickly
 by megafloods of swift, deep
 water escaping from glacial lakes
 at the end of the last ice age. It
 took the geological community
 over thirty years to accept his
 interpretation and the idea that
 such catastrophic flooding and
 rapid formation of landforms
  could be natural. 
 An example of a global catastrophe in Earth
 history involves the extinction of the dinosaurs and
 other life at the end of the Mesozoic Era, some
 sixty-six million years ago. More conventional and
 gradualist extinction hypotheses, such as changes
 in food sources, climate, or sea levels, were never
 satisfactory or much supported by evidence. A
 catastrophic hypothesis was proposed in  after
 an unusual layer of clay was discovered at the top
 of Mesozoic strata on several continents. The clay
 Going Further: Can We Prove Nature's Laws Are Constant?
 One way to test whether nature's laws have changed over Earth's or cosmic history is to consider the atomic spectra from
 stars, described in section ... That the same spectra are visible in stars and galaxies in regular patterns across the
 universe is consistent with unchanging laws of physics and chemistry (in this case, quantum mechanics) over the history
 of the cosmos. Remember, the spectra we see from distant stars were emitted thousands to millions, even billions, of
 years ago. A test of the constancy of the law of gravity is recognizing that ancient large animals, such as dinosaurs that
 lived millions of years ago, have the same bone proportions of modern large animals. If we found large dinosaurs with
 bone proportions of smaller animals (such as a deer or squirrel), we would have to conclude that gravity was weaker in
 the distant past.a  The best explanation for this kind of evidence is that the laws of nature have not changed since the
 beginning of creation (an example of inference to the best explanation; § ..).
 a
 Thanks to Steven Dutch for this illustration of consistency of natural laws.
 Figure ..   Giant ripples across the west bar of the Columbia River, near Quincy, Washington. View from about
 forty-six hundred feet, looking northeast.
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 contains high levels of the element iridium, which is
 rare in the Earth's crust but more common in mete-
orites. A team proposed that the impact of a massive
 asteroid distributed clouds of iridium-rich rock ash
 around the world.   More evidence emerged over the
 next decade supporting a catastrophic impact. Mi-
croscopic diamonds and deformed mineral crystals
 in other layers at the top of Mesozoic strata appeared
 to have formed by a sudden shock. Concentrations
 of carbon-rich particles in other strata indicated
 global fires. Eventually, a -kilometer-diameter
 crater was discovered during oil exploration below
 the surface of the Yucatan Peninsula of Mexico.
 Some scientists believe that the impact actually pre-
dates the final extinction by hundreds of thousands
 of years and that extensive volcanic eruptions in
 central India over two million years also contributed
 to conditions leading to the mass extinction.   Nev-
ertheless, both the meteorite impact and volcanism
 would represent events and conditions not experi-
enced in human history and most definitely not pre-
dicted by Lyell's strict uniformitarianism.
 Contemporary geoscientists continue to practice
 methodological uniformitarianism to interpret geo-
logical features, but they reject Lyell's assumption of
 the constancy of rates and conditions. This mar-
riage of uniformitarianism and natural catastro-
phism is called   actualism. We understand now that
 there have been times in Earth's history when condi-
tions were very unlike the present. This is especially
 true for the first billion years of Earth history, when
 more heat was available for volcanic activity and
 tectonic processes that deform the crust, the atmo-
sphere was rich in carbon dioxide and lacking in
 oxygen (chemically reducing), and the Earth was
 frequently bombarded by debris left over from the
 formation of the solar system (chap. ). Geologists 
  15 
 Luis W. Alvarez, Walter Alvarez, Frank Asaro, and Helen V. Mi-
chel, “Extraterrestrial Cause for the Cretaceous-Tertiary Extinc-
tion,”   Science    (): -.
  16 
 Gerta Keller et al., “More Evidence That the Chicxulub Impact
 Predates the K/TMass Extinction,”   Meteoritics & Planetary Sci-
ence    (): -.
 believe that rates of bedrock weathering must have
 been different before the widespread appearance of
 land plants some four hundred million years ago.
 Furthermore, most sediment accumulation is now
 understood to be episodic, rather than gradual,
 such as sandstones deposited in deep water by
 storm activity or by gravity flows (fig. .). 
  12.7. MODERN CATASTROPHISM 
  AND FLOOD GEOLOGY 
 During the twentieth century, geology advanced
 along with the other sciences as new technologies
 and research programs provided the means to see
 things that were previously hidden and to go places
 that seemed impossibly hard to reach. Many spe-
cific research programs that advanced geology in
 the United States were related to matters of na-
tional security, especially during World War II and
 the following Cold War. Accurate ocean-floor maps
 for submarine operations led to discoveries re-
lating to the emerging theory of plate tectonics.
 Nuclear science, promoted by the arms race, con-
tributed to more precise radiometric dating tech-
niques. A worldwide network of seismographs
 employed to detect nuclear bomb tests was also
 useful for interpreting the interior of the Earth.
 The shallow crust of the Earth was further revealed
 by drilling for petroleum to meet the growing
 demand for energy. The space race between the
 United States and the Soviet Union led to human
 exploration of the Moon and unmanned missions
 to study planets in the solar system. All of these
 efforts continued to return evidence supporting
 the deep-time antiquity of the Earth and cosmos.
 Early to mid-twentieth-century Bible scholars
 and theologians were very interested in the rela-
tionship between faith and science because of the
 importance of science in the modern world and
 the belief that the values of Judeo-Christian faith
 were necessary to guide the moral and humane
  17 
 Land plants serve to stimulate rock weathering and create soils,
 but root systems also prevent erosion.
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 practice of scientific inquiry. Concerns expressed
 about Darwin's evolutionary theory were less
 about perceived contradictions with the biblical
 account and more about philosophical and social
 applications of the theory that promoted atheism
 or policies degrading the sanctity of human life
 (such as eugenics and racism). Gap and day-age
 interpretations of Genesis continued to be popular
 with evangelical Christians, who believed in the
 authority of Scripture as God's revealed Word
 (recall explanations of these views in § .). The
 popular Scofield Reference Bible advocated the gap
 view. Early evangelicals appear to have been un-
concerned about geological accounts of Earth
 history and its age conflicting with the Genesis ac-
count.   Few concerns are evident in the extensive
 collection of essays written by conservative
 Christian pastors and seminary professors known
 as   The Fundamentals   (published between  and
 ), regarded as the foundation of the Christian
  fundamentalist movement. 
  18 
  Ronald N. Numbers, 
 The Creationists: From Scientific Creation-
ism to Intelligent Design, expanded ed. (Cambridge, MA: Har-
vard University Press, ); Michael Roberts,   Evangelicals and
 Science   (London: Greenwood, ); Davis A. Young and Ralph
 F. Stearley,   The Bible, Rocks and Time: Geological Evidence for the
 Age of the Earth   (Downers Grove, IL: InterVarsity Press, ).
  19 
 R.A. Torrey et al., eds.,
 The Fundamentals: A Testimony to the
 Truth,  vols. (Chicago: Testimony, –).
 Figure ..   Gravity flow deposit in Carboniferous rocks, Ireland coast near Dublin. The darker, thinly bedded shale accumulated slowly in deep water
 (little energy from water currents) in an open sea. The lighter, thick sandstone bed was deposited quite suddenly by a gravity flow of sediment and water
 onto the seafloor from shallower deposits containing more sand. An earthquake or storm might have triggered the flow. The base of the sandstone exhibits
 a scoured contact with the underlying shale, created as the turbulent slurry of sand and water rushed across the seafloor. The sandstone was quickly
 deposited behind the advancing front of the flow, possibly in a matter of minutes. The top of the sandstone is very straight beneath the overlying shale,
 which continued to accumulate slowly on the sandstone layer in rates of millimeters per year. Layers such as this are found in deep-sea fans at the end of
 submarine canyons in modern oceans.
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 Scottish Presbyterian minister and seminary
 professor James Orr (–) was one of the
 most prominent contributors to   The Fundamentals,
 with four essays. In “Science and Christian Faith,”
 Orr explores the perceived tension between scien-
tific and biblical accounts of origins:
 As it is with astronomy, so it has been with the
 revelations of geology of the age and gradual for-
mation of the earth. Here also doubt and suspicion
 were—naturally enough in the circumstances—at
  first awakened....  If the intention of the first 
 chapter of Genesis was really to give us the “date”
 of the creation of the earth and heavens, the ob-
jection would be unanswerable. But things, as in
 the case of astronomy, are now better understood,
 and few are disquieted in reading their Bibles be-
cause it is made certain that the world is im-
mensely older than the , years which the
 older chronology gave it. Geology is felt only to
 have expanded our ideas of the vastness and
 marvel of the Creator's operations through the
 aeons of time during which the world, with its
 teeming populations of fishes, birds, reptiles,
 mammals, was preparing for man's abode—
 when the mountains were being upheaved, the
 valleys being scooped out, and veins of precious
 metals being inlaid into the crust of the earth.
 Belief that the Bible demanded a recent, six-day
 creation and global flood was maintained by one
 denomination closely associated with fundamen-
talist Christianity, the Seventh-Day Adventists.
 Their theology promoting a recent creation and the
 global deluge was based on visions of their founder,
 Ellen G. White (–).   Following these doc-
trines, Adventist George McCready Price (–
 ) became the champion of a new kind of bib-
lical catastrophism. Price rejected the
 uniformitarian geology that supported an ancient
 Earth and reinterpreted the geologic column to
 conform to a single global deluge. In his view, bio-
  20 
 James Orr, “Science and Christian Faith,” in   The Fundamentals,
  :-. 
  21 
  Numbers, 
  Creationists, -. 
 logical evolution was neither supported by the
 fossil evidence nor possible in the timeframe of a
 recent creation. Reviewers of his books in main-
stream scientific journals cited his lack of training
 in field geology, leading to improper geological
 interpretations. Even science professors at leading
 Christian colleges rejected Price's catastrophism,
 despite his personal efforts to convince them.
 Nevertheless, a growing number of fundamentalist
 organizations beyond the Adventists formed to
 promote flood geology and creationism in the
  s and s. 
 A much wider fundamentalist and evangelical
 Christian audience was introduced to flood ge-
ology with the publication of   The Genesis Flood:
 The Biblical Record and Its Scientific Implications   by
 John Whitcomb (b. ) and Henry Morris (–
 ).   Advancing on themes and arguments
 from George McCready Price, the authors offered
 alterative catastrophist interpretations for origins
 of rocks and strata. The authors believed that uni-
formitarianism was blatantly inconsistent with
 what they understood to be a biblical doctrine of
 creation because in their view, it replaced God's
 direct, unmediated role in creation with random,
 natural processes. In other publications they pro-
posed that natural processes involving decay (or
 increase in entropy) such as we experience in our
 time could not have been active in creation until
 after the fall event in Genesis .
 Morris established the Institute for Creation
 Research for flood-geology research and led efforts
 to make YEC a major cultural and political force.
 The movement promoted “creation versus evo-
lution” curricula for public education during the
 last three decades of the twentieth century.
 However, these attempts were typically struck
 down by state and federal courts deciding that mo-
tives for the curricula were religious and lacked
  22 
  Numbers, -. 
  23 
 John C. Whitcomb and Henry M. Morris,   The Genesis Flood: The
 Biblical Record and Its Scientific Implications   (Philadelphia:
 Presbyterian & Reformed, ).
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 scientific merit. The leading YEC organization of
 the early twenty-first century is Answers in
 Genesis, which operates the Creation Museum in
  Petersburg, Kentucky. 
 Perhaps the rock-cycle concept provides the
 most fitting point for comparing the modern, ac-
tualistic view of Earth history with the creationist–
 flood geology view. Since the late eighteenth
 century, geologists have documented evidence of
 multiple cycles of rock formation, transformation,
 and destruction preserved in the Earth's crust. In
 fact, both nineteenth-century uniformitarianists
 and catastrophists accepted evidence of these
 cycles and the inevitability of deep time. By com-
pressing Earth history into six thousand years,
 creationist-flood geologists must account for the
 entire rock record in one cycle (table .). 
 The recent-creation view is popular but by no
 means universal among evangelical Christians
 today, as revealed in national surveys and polls.
 One survey (described in the introduction to this
 chapter) showed that Protestant Christian min-
isters are divided evenly over a recent versus an-
  24 
 Ken Ham, president of Answers in Genesis, was mentored by
  Henry Morris. 
 cient creation. Some  percent of adults in a 
 national survey identified themselves as young-
Earth creationists, but careful questioning showed
 that only  percent were certain of their position
 and that about  percent of this group believed
 that creation occurred in six days.
 Recognition of the rock cycle and all of the
 transformations of rocks from one kind to another
 led to the concept of deep time. Similarly, field
 mapping and stratigraphic analysis led to the un-
derstanding of a long, complex history of the Earth.
 Thus there is a sharp contrast between actualist
 and creationist–flood geology views. Recall that
 both uniformitarian and catastrophist geologists
 before the twentieth century made significant con-
tributions to our knowledge of the Earth and how
 to interpret its history, with both camps accepting
 an old Earth. Biblical scholars of the nineteenth
 and early twentieth century generally accepted
 geological implications for deep time and did not
 see them as in conflict with scriptural accounts of
 origins (left-hand column of table .). In the past 
  25 
 Jonathan P. Hill, “The National Study of Religion and Human
 Origins (NSRHO) ,” BioLogos, https://biologos.org/up 
  loads/projects/nsrho-report.pdf  (accessed April , ). 
 Table ..   Comparison of basic concepts about Earth's geologic history from actualistic geology and creationist-flood geology views.
 Actualistic Geology (Ancient Creation)
 •
 Earth forms in protoplanetary disk of developing solar system over
 tens of millions of years.
 •
 Oldest Earth rocks are nearly four billion years old.
 •
 Earth's crust is dynamic. Plate tectonics recycles the crust and
 controls mountain-building and sedimentation patterns (see
  chap. 15). 
 •
 Heat in the Earth generates magma that builds both ocean and
 continental crust and transforms large bodies of crustal rock
  through metamorphism. 
 •
 Sediment accumulates at different times and in different places in
 basins on continental and oceanic crust, forming sedimentary rock
  layers (strata). 
 •
 Sedimentation is mostly episodic, with evidence of time gaps
  between strata. 
 •
 Fossil succession represents (evolutionary) changes in life during
  Earth history. 
 Creationist-Flood Geology (Recent Creation)
 •
 Crystalline bedrock represents creation week six thousand years
 ago with processes that do not follow natural laws (allowing for
 creation with appearance of age).
 •
 Fall event in the Garden of Eden ushers in age of decay and
 degradation of creation, including physical death.
 •
 Release of floodwaters from atmospheric vapor, underground
 caverns, or a deep zone in the upper mantle accompanies crustal
 upheaval (ocean-basin openings, volcanism, deformation,
  metamorphism). 
 •
 Continuous deposition over Flood year. Sediments represent debris
 from pre-Flood lands that are deposited rapidly as floodwater
  recedes. 
 •
 Fossil succession resulted from progressive drowning and burial of
 more complex or mobile creatures over time and drowning
 sequence of pre-Flood ecosystems at various elevations.
 •
 Crustal uplift and draining of floodwater into new ocean basins
  creates present landscape. 
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 fifty years there has been a popular renewal of a
 new biblical catastrophism that emphasizes recent,
 six-day creation and flood geology (right-hand
 column of table .). 
 Because many contemporary Bible teachers
 and ministries continue to link Noah's flood and
 geology, in chapter thirteen  we will look at the bib- 
lical text in Genesis to explore its meaning and
 examine the merits of applying this text to under-
standing geology and Earth history. Chapter 
  fourteen  contains an in-depth description of the 
 rock cycle and scales of time involved in geological
 processes. There is also an illustrated glossary of
 rocks that are referred to in this book. Chapter 
  fifteen  covers methods of determining the ages of 
 rocks that are used to calibrate Earth history.
  Chapter sixteen  builds on the basic principles of 
 geology and rock-forming processes with a presen-
tation of plate tectonics, the modern theory for
 how the Earth works and the framework through
 which we interpret and understand Earth history.
  Chapter seventeen  offers a brief history of the 
 Earth and the kinds of evidence used to interpret
 it. A reflection on biblical and theological perspec-
tives on geology and Earth history is provided in
  chapter eighteen. 
[image: ]
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  THE GENESIS FLOOD 
  THIS CHAPTER COVERS: 
 The extent of the Flood considering the biblical
 text, science, and logistics
 Flood stories in the ancient Near East
 Literary, rhetorical, and theological focus of the
 Flood account in Genesis
 The Flood is a well-documented event in the an-
cient world. Its widespread attestation in ANE
 literature actually helps confirm the story. Com-
paring the ANE versions (most importantly the
 Gilgamesh Epic and the Atrahasis Epic) and the
 story in Genesis is instructive in a technical sense
 but not for the purposes of this chapter. There is
 no reason to claim one is borrowing from the
 other—the narratives are not similar enough to
 reach that sort of conclusion. The similarities are
 in the general flow of the narrative: divinely
 planned flood, boat building, the sparing of a few,
 and a concluding act of worship. The differences
 are more plentiful: the divine motivation, the
 divine plan (all people were to be destroyed in the
 ANE versions), the duration of the flood, and
 above all the portrayal of the nature of the gods.
 All these accounts are rooted in an event that was
 experienced in the ANE world, and each culture
 interpreted and recorded the event in light of its
  own beliefs. 
 For those who believe there was a real event
 behind the biblical account of the Flood (rather
 than a merely mythical or literary concoction),
 1
 For much fuller discussion of these issues, see Tremper Long-
man III and John H. Walton,   The Lost World of the Flood   (Down-
ers Grove, IL: InterVarsity Press, ).
 there are a number of possible ways to understand
 the extent of the Flood:
 •
 a global flood totally covering the world as
  we know it 
 •
 a flood that was universal according to an
 ANE understanding of “universal”
 •
 a flood affecting a large region of the ancient
  world 
 •
 a local flood described with hyperbole
 The last can be easily set aside because it does not
 explain why a large boat would be needed or why
 the animals would need to be gathered to survive
 the deluge. It would not adequately explain the
 textual data, nor would it satisfy the theological
  rationale. 
 The other three can be assessed on three levels:
  1. textual credibility 
  2. scientific credibility 
  3. logistic credibility 
  13.1. TEXTUAL CREDIBILITY 
 The universal language of the text offers the
 strongest support for a flood that covered the
 entire globe and eradicated all life. This is espe-
cially true of Genesis :-. We have to approach
 the text with the understanding that we are trying
 to recover precisely what the author intended. The
 first question to ask is, “Does ‘all' always mean
 ‘all'?” It sounds like a trick question. However,
 2
 Davis A. Young and Ralph F. Stearley,   The Bible, Rocks and Time:
 Geological Evidence for the Age of the Earth   (Downers Grove, IL:
  InterVarsity Press, ). 
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 asking this question is not an attempt to bypass the
 clear meaning of the text; rather, we want to under-
stand what the text was intended to communicate.
 The Hebrew word   kol   is the one translated “all,”
 and it occurs eight times just in Genesis :-. It
 is a common word, occurring almost fifty-five
 hundred times in the OT. If we were to find even
 just one occurrence where   kol   was used rhetori-
cally rather than as a reference to every single in-
dividual, that would indicate the word can be used
 rhetorically, thereby mitigating a universal claim
 inherent in the word. Indeed, several such rhe-
torical uses can be identified. In Exodus : the
 text says that all of the livestock of Egypt died in
 the plague. Yet in Exodus :, the people are sup-
posed to bring their livestock in from the fields
 because of the coming hailstorm. In Genesis :
 we read, “And all the world [kol   ha'arets] came to
 Egypt to buy grain from Joseph, because the
 famine was severe everywhere [bekol   ha'arets].” No
 one reads this and concludes that people came
 across the Atlantic Ocean to buy food from Joseph
 or that there was also famine in Australia. This ex-
ample also demonstrates a second variable in
 translation. The word   ha'arets   can be used to refer
 either to the “world, earth” or to the “land” (even
 a very small plot of land). The reason for this is that
 in the ancient world people did not know that they
 were living on a globe and that there were other
 continents. So in their minds the “land”   was   the
 “earth.” This means that when they spoke of the
 waters covering   ha'arets, they were thinking some-
thing very different from what we think when we
 use the same phrase. We have to recall that words
 mean what people use them to mean. We cannot
 apply to their terms a wider range of meaning than
 they used (§§ .., ..). The credibility and au-
thority of the text is inextricably tied to how they
 understood the text (§ ..).
 We can see that the text may not be as insistent
 on a global flood as we might have assumed after
 a casual reading. At the same time, it would be
 difficult to make sense of the text if the Flood
 were a local phenomenon. If the Flood merely af-
fected a few towns along the river, there would
 have been no need for a boat and collecting the
 animals; why did Noah not just leave the area? No,
 if the Flood account is to be taken as a reflection
 of a real event, we must accept that its scale was
 massive, even if we are hampered in our attempts
 to define its scope.
 What can be said about the extent of the Flood,
 according to the biblical account? The text says
 the high mountains were covered. How could
 they be covered if the Flood were not global?
 After all, water will seek its own level. We again
 have to consider that this could be rhetorical hy-
perbole. For example, an early Akkadian text
 called the Sargon Geography claims to name “all
 the lands,” one by one, and concludes, “Sargon,
 King of the universe, conquered the totality of the
 land under heaven.”   This statement from the
 Sargon Geography does not and cannot refer to
 literally/truly   every   land under heaven. There is
 no reason why the Bible could not be using
 similar rhetoric to make its point.
 Furthermore, we should consider what the
 Bible means when it says that the waters of the
 Flood “covered” the mountains. It does not work to
 simply say we have to read the text “literally.”
 Asking for a literal reading reflects a desire to read
 the Bible as God's Word but does not clarify which
 of many possible interpretations is correctly literal.
 Rather, our hermeneutical principle is to read the
 text for the meaning that the author intended (
 §
 ..). The Hebrew verb translated “cover” (Gen
 :) is   ksh. Sometimes it is used in describing
 people or weeds covering the land (Num :;
 Prov :). Sometimes it is used to refer to over-
shadowing ( Chron :, cherub wings over the
 ark; Ps :, clouds over the sky). When water is
 the subject of the verb (which occurs thirteen
 3
  Wayne Horowitz, 
 Mesopotamian Cosmic Geography   (Winona
 Lake, IN: Eisenbrauns, ), -.
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 times in the OT), there are various nuances that are
 possible. Five occurrences refer to the waters of the
 Red Sea covering the Egyptian army (Ex :; :,
 ; Ps :; :), “overwhelming” the Egyptian
 army. Four other occurrences refer to the waters in
 creation and nature (Ps :, ; Is :; Hab :,
 e.g., “as the waters cover the sea”).
 The two remaining uses require special attention.
 In Job : God's judgment is described metaphor-
ically as the act of water covering (Eliphaz points
 out to Job, “A flood of water covers you”). We are
 not inclined to see the Flood in Genesis as meta-
phorical, but this passage shows that there may be
 more flexibility in the image of water covering
 something than we otherwise expect. The final
 use of   ksh   in the OT can be observed in Job :;
 Jeremiah :; and Malachi :. These texts speak
 of waters that surge or drench, not of waters that
 submerge. Jeremiah refers to the way that the
 annual flooding of the Nile “cover[s] the earth,”
 clearly not referring to a global flood that sub-
merges the whole Earth. These examples show
 that   ksh   in Genesis  could mean that the waters
 drenched or surged, not necessarily that they
 covered the whole Earth.
 We confront a different sort of textual issue in
 the wording in Genesis :, where the NIV trans-
lates, “The waters rose and covered the mountains
 to a depth of more than fifteen cubits [= a bit over
 twenty feet].” The Hebrew word order runs like
 this: fifteen cubits   milma‘lah   the waters surged and
 covered the mountains. In uses that are syntacti-
cally parallel to this one,   milma‘lah   is typically
 translated “upward” (Ezek :, wings spread
 upward; Josh :, , waters from upstream). In
 ancient Egypt there was a particular rock that con-
tained markings so that the height of the Nile
 floodwaters could be measured.   On the basis of
 this analysis of the Hebrew text, we can conclude
 that Genesis : actually means the waters surged
 4
 Today we have a similar idea when we talk about the highwater
 mark of rivers in flood stage.
 twenty feet up the sides of the mountains, not that
 it covered the tops of them by twenty feet.
 If that is so, however, what is Genesis : talking
 about when it says that the tops of the mountains
 became visible as a result of the receding waters?
 This form of this verb is used when something that
 has been hidden from view or obscured becomes
 visible. One   could   conclude that the tops of the
 mountains were hidden by water, but that is not
 the only possibility, and the text does not explicitly
 support that conclusion. In Genesis : the ark
 comes to rest, and in Genesis : the tops of the
 mountains become visible about forty-five days
 later, after the ark rests. We do not know that the
 ark rested on top of a particular mountain, first of
 all, because the text talks about mountains (i.e., a
 mountain chain) rather than an individual
 mountain, and second, because the preposition
 translated “on” in Genesis : can often mean
 “against.” Thus the ark could have rested “against”
 the mountains of Ararat.
 Yet the text says that the tops of the mountains
 did not become visible until forty-five days later.
 The phrase translated “tops of the mountains” is
 used in a variety of ways in the OT. It can refer to
 hilltops (Josh :-;  Sam :;  Kings :). It
 can refer to the highlands (Judg :). It is also
 used to refer to heights where worship shrines are
 located (high places, e.g., Ezek :; Hos :). In
 light of this, we could think of the ark coming to
 rest alongside the mountain chain while the waters
 subsided down the sides of the mountains, and
 then the highlands became visible. Alternatively, it
 could be the tops of hills in the lower lands that
 were becoming visible as the waters receded.
 To some readers this will sound like we are
 going to a lot of trouble to avoid the obvious. “Why
 not just read the text for what it is?” some might
 say. But what the words in a translation seem to say
 to us at face value is not necessarily what the author
 meant in Hebrew. We cannot know what the text
 really   is   until we can translate it confidently and
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 understand the nature of its rhetoric. If words can
 mean different things, we need to explore those
 possibilities because one of those possibilities may
 be what the author intended. Second, the ancient
 Israelites had ways of understanding the world that
 are different from ours (chap. ). Furthermore, 
 they also had literary conventions that do not nec-
essarily coincide with how we would represent an
 event literarily.   We are not reading the text as it
 “really is” if we impose our perceptions, standards,
 and conventions on the text   (§ .).
 Our understanding of cosmic geography is sub-
stantially different from the understanding that
 was current in the ANE world and that the Isra-
elites would have believed. God did not offer rev-
elation to revise their cosmic geography, and all
 evidence suggests the Israelites did share the same
 view of the physical world around them as their
 neighbors (chap. ). 
 They all would have believed that there were
 waters below and waters above, the latter held back
 by a solid sky. They did not know that the Sun,
 Moon, and stars are material objects; Israel thought
 of them as lights in the sky (and their neighbors
 thought of them as gods). They did not know of
 multiple continents and believed that the single
 landmass was disk shaped. People who viewed the
 physical world this way would describe the Flood
 in very different terms than we would, then. In fact,
 it would be surprising if their description was able
 to aid us very much at all in crafting a description
 in our own terms.
 An illustration may help us to understand the
 challenges of transitioning from one set of conven-
tions to another. Picasso was famous for his cubist
 portraits, which presented the human face in
 shocking ways. We know who his models were,
 and we have photographs of some of them so that
 we know what they “really looked like.” Picasso's
 portraits are the result of one set of conventions,
 while photographs are the result of another set of
 conventions. Both represent the same subject, but
 they do so with different values and priorities in
 mind. We might say that one of his portraits does
 not look like the person at all, but Picasso might
 object that neither does the photograph look like
 the person in many ways (e.g., it is two-dimen-
sional, miniature, and gives no hint of arms or
 legs). If one's goal is to have a representation that
 would allow one to recognize the person when one
 met them, the photograph would be the preferred
 medium. But that was certainly not Picasso's goal
 as he painted portraits. He believed that his por-
traits could capture a reality that a photograph
 could not. Both media represent reality in their
 own way, but from different perspectives with dif-
ferent emphases. If we tried to reconstruct a pho-
tograph from the portrait, we would eventually
 despair of ever succeeding and would also totally
 obliterate the truth Picasso sought to capture by
 means of his chosen conventions. We would
 thereby ruin what he had done and fail in what we
 wanted to achieve. In like manner, we would not
 attempt to reconstruct a map of the heavens (con-
firmed by the Hubble Telescope) from Van Gogh's
  Starry Night. 
 So, too, when we read the Flood account, the
 text offers us a literary portrait reflecting the per-
spectives, conventions, and priorities of an ancient
 worldview, with its perspectives, conventions, and
 priorities. Although we would like to reconstruct
 the hydrological-geological event according to our
 scientific conventions, we must not try to force the
 text to operate according to our expectations.   To
 do so would risk obliterating the truth that is found
 in the author's chosen way of communicating what
 took place. It is not our job as interpreters to recon-
struct the event; our job is to understand the au-
thor's interpretation of the event.
 In other places in the Old Testament we find
 that the authors use hyperbole when they describe
 something of cataclysmic proportion. For example,
 5
 Scientific conventions became very important in Western cul-
tures beginning with the seventeenth century (§ ..).
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 in Lamentations : the poet tells us that “no one
 escaped or survived” from the destruction of Jeru-
salem. Yet we know that many did survive—both
 in the land and in exile. He is using universalistic
 rhetoric in a hyperbolic presentation of a catas-
trophe. Again in Zephaniah :- the coming de-
struction of Judah and Jerusalem is portrayed in
 universalistic terms, including “everything from
 the face of the earth,” even fish and birds. Human
 destruction is total: “When I destroy all mankind
 on the face of the earth.” The author knows that
 some will survive but uses universalistic rhetoric
 nonetheless. In the same way, the author of Genesis
 is aware that the flood is not actually universal, but
 the significance and impact are such that he feels
 comfortable using universalistic rhetoric.
 Note that we should have no doubt that some-
thing significant took place—a real event in a real
 past (just like we would be remiss to think that
 Picasso was not painting a real person just because
 we do not know anyone who looks like that). The
 event was clearly of massive proportion, but in the
 biblical text, the event itself is not the point. Rather,
 the event is described with a specific theological
 and literary goal in mind. And we can also be as-
sured that the theology is sound: God sent the
 Flood with a just purpose. God intentionally dis-
rupted the order that he had brought in the early
 chapters of Genesis, and then reestablished it.
 Though the event of the Flood is known in the ANE
 world, this theological explanation for the Flood
 makes the biblical account the most different from
 the Sumerian and Babylonian accounts.
 We have no reason to doubt that the biblical
 flood account also makes historical claims that have
 scientific ramifications (e.g., floodwaters rose to a
 particular height in a particular area); however,
 whatever those are is mostly obscured from our
 view because of the cultural distance and the lit-
erary conventions in the text we have received. Just
 as we cannot penetrate beyond the literary charac-
terization of Abraham or Esther to construct a
 Myers-Briggs personality profile, we should not
 expect to be able to penetrate beyond the literary
 characterization of the flood to construct a scien-
tifically modern profile of the event. We can rest
 assured that the account is true, but the full details
 of how it is scientifically true may elude us since the
 author was not concerned about that kind of infor-
mation. The most important truths from the narra-
tor's vantage point are transparent. The Bible has
 not misled us, and our inability to render the text in
 hydrological-geological terms is not a barrier to its
 communication or its reliability. We do not have to
 resort to scientific gymnastics to   prove   the Bible is
 true; we affirm the Bible is true regardless of
 whether we can demonstrate it scientifically, and
 we recognize that it may not give us the information
 we would desire. It is more important that we be-
lieve the point the text   is   making than to recon-
struct the event in terms that make sense to us in
 an attempt to establish the Bible as true.
  13.2. SCIENTIFIC CREDIBILITY 
 The issues related to the geology and hydrology of
 a massive flood were explored from the scientific
 angle in chapter twelve. Here it is enough to say 
 that geological data to support a flood of massive
 proportion is lacking. Furthermore, no archaeo-
logical evidence lends support to such a flood.
 Earliest archaeological settlements go back about
 ten thousand years. Remains of human settlement
 span the entire period from then until now, unin-
terrupted by the layers of silt that would neces-
sarily accompany a deluge of major proportion.
 Lacking the physical evidence for a massive flood,
 we are prompted to sharpen our understanding of
 what the text actually does and does not claim.
 6
 For more information and thorough analysis see Lloyd R. Bailey,
 Noah: The Person and the Story in History and Tradition   (Colum-
bia: University of South Carolina Press, ).
 7
 Even when the flood is invoked as a scientific explanation for
 major geological features, it runs into significant problems. See
  chap.   and Carol Hill and Gregg Davidson, eds., The Grand 
 Canyon, Monument to an Ancient Earth: Can Noah's Flood Ex-
plain the Grand Canyon?   (Grand Rapids: Kregel, ).
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  13.3. LOGISTIC CREDIBILITY 
 Given some flexibility in the language of the bib-
lical text and the absence of evidence in the ar-
chaeological record, we can also consider some of
 the logistical problems for a global flood. Here we
 will briefly note some of the logistical problems
 without much elaboration.   At the same time, it
 should also be noted that those who support a
 global flood have proposed explanations to re-
spond to many of these.
 •
 If the entire Earth were to be covered to a
 depth of seventeen thousand feet (the Ararat
 mountains), three quintillion tons of addi-
tional water ( million cubic miles of
 water) would be required. That much water
 does not exist even in the atmosphere and
  the oceans combined. 
 •
 If such an amount of water had ever existed
 in the atmosphere, the atmospheric pressure
 would be  times higher than it is now,
 and consequently sunlight would not be able
 to reach the surface of the Earth.
 •
 No matter what numbers are calculated for
 the animal population on the ark, it would
 be impossible for only eight people to feed
 all of them each day, not to mention clean
  out the stalls. 
 •
 The fresh water needed to supply all of the
 animals and people for a year would take up
 a large percentage of the ark's volume.
 •
 Freshwater fish could not have survived be-
cause if the entire globe were flooded, all the
 water would have been salinized.
 •
 It is difficult to propose a scenario in which
 the animals found only in Australia could
 have gotten to Australia after the flood (or
 even to the ark before the flood).
 8
 See more information and documentation in John Walton,   Gen-
esis, New International Version Application Commentary
 (Grand Rapids: Zondervan, ), -.
 •
 If the flood were severe enough to reach
 seventeen thousand feet in  days, it
 would have had to rise at the rate of over
 one hundred feet per day, almost five feet
 per hour. Even if such a rapid rise were pos-
sible and could be sustained over a five-
month period, it would have created cur-
rents that would have made survival in the
  ark impossible. 
 •
 Those searching for the ark today have had
 to use very sophisticated mountain-climbing
 equipment to scale the heights of Mount
 Ararat and at times have had to abandon the
 effort. It is difficult to imagine how Noah, his
 family, and animals such as elephants and
 hippopotami could have made the trek down
  the mountain. 
 •
 If the ark ran aground on the still-submerged
 summit of Mount Ararat on the seven-
teenth day of the seventh month (Gen :),
 and the tops of the mountains became
 visible on the first day of the tenth month
 (Gen :), the water receded only fifteen feet
 in seventy-five days. Yet it would have had
 to recede seventeen thousand feet in the next
 seventy-five days because by the first day of
 the first month the Earth was dry (Gen :).
 Draining at such a rapid rate would have
 caused massive whirlpools and suction. Fur-
thermore, one might ask where all the water
 went, since the oceans were already full.
 •
 The dove flew down into a valley to get an
 olive leaf (only growing in low elevations) in
 Genesis :. How did it manage to fly back
 up to seventeen thousand feet to the ark?
 Doves are not physically equipped to fly at
 those altitudes; the air is too thin for their
  wings to function. 
 It is not a reasonable practice to plug in a miracle
 to cover all of the logistical problems we encounter
 here. We should be reluctant to posit miracles
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 where the text does not speak of them. It is more
 appropriate to consider interpretive alternatives
 such as those indicated earlier.
  13.4. THEOLOGICAL AND 
  LITERARY CONTEXT 
 Finally, the rhetorical role of the Flood narrative in
 Genesis and its theological point must be con-
sidered. Beyond examining the scientific and the
 theological claims, we also need to pay attention to
 the literary context. Here researchers have iden-
tified numerous parallels between Genesis –
 (creation) and Genesis – that suggest that, from
 a literary standpoint, the Flood is being presented
 by the narrator as a re-creation.
 •
 In Genesis : the account begins with the
 Earth covered in water, indicative of the ab-
sence of order. In Genesis :- the Earth
 returns to nonorder as the cosmic waters
  again cover it. 
 •
 In Genesis : we are told of the spirit of God
 or wind of God that is acting over the waters.
 In Genesis :, the same Hebrew term is used
 to describe the wind as bringing about the
  receding waters. 
 •
 In Genesis : the dry land appears as it does
 in Genesis :, using the same verb.
 •
 In Genesis :- Noah and his family and
 the animals “come forth” from the ark. The
 same verb is used in Genesis :, when God
 says that the land should bring forth the
  living creatures. 
 •
 In Genesis – God established order—
 equilibrium. The Flood disrupted that equi-
librium, but it was restored in the aftermath.
 •
 When people sinned, it brought disorder into
 God's ordered cosmos. The end result of that
 disorder was the violence that characterized
 the days of Noah. God responded to the social
 disorder with the return of cosmic nonorder.
 •
 God had brought order and rest in Genesis ;
 people brought unrest. Noah's father named
 him with the hope that rest would be re-
stored in him (Gen :), and that came
 about in the reestablishment of rest and
 order after the Flood.
 •
 The blessing of Genesis :- is reiterated
 in Genesis :- (with variations but with
  clear echoes). 
 All of these parallels help elucidate the narrator's
 intentions in the presentation of the Flood. We find
 that the narrator is focused on presenting a par-
ticular picture of God and on showing how God
 used nonorder as a remedy for disorder, something
 that is not affected by the geographical extent of
 the Flood. Employing universalistic rhetoric to
 portray the impact and significance of the Flood as
 Going Further: The New Testament and the Flood
 Only a few passages in the NT refer to the Flood, but none make a statement about its geographical scope. Luke : talks
 about how people were living their lives day by day and were caught by surprise when judgment came (compare with Mt
 :-). He notes that future judgment will likewise catch people unaware. Second Peter : references God sparing
 Noah, and  Peter :- indicates that the world (kosmos, in its broadest sense, rather than a specific claim about the ex-
tent of the Flood) was deluged and destroyed. In light of this small number of references, we find that the NT offers little
 information to help us answer the scientific questions about the extent of the Flood. Furthermore, it should be noted that
 what the NT authors do with the Flood story is not necessarily what Genesis does with the Flood story. Both interpreta-
tions are valid, but they need not take the same interpretive path. The account could have multiple significances.
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 a cosmic cataclysm does not mean that they con-
sidered the physical scope or geographical range to
 be universal. Ample evidence of this is available in
 Joshua :-, where the conquest is presented
 as complete. That this is rhetorical is shown by the
 early chapters of Judges. Lamentations : and
 Zephaniah , as already discussed, both demon-
strate the use of universalistic rhetoric in contexts
 where the discussed events were not universalistic.
 The Flood plays a central role in the intro-
ductory section of the book of Genesis (Gen –).
 Since we take the Bible seriously, we are interested
 in discovering what the Bible claims about the
 Flood. Its theological claims are more important to
 understand than its possible scientific claims
 (which may not even be evident in such a literary
 work). Its claims may not be immediately trans-
parent to us because, as always, the communi-
cation in the text is tailored to its original context,
 the ancient world (§ ..). We wonder about a
 global flood, but in the ANE world, people had no
 concept of a globe, nor knowledge of continents
 beyond their own. Their descriptions are based on
 their understanding of the world, which was neces-
sarily premodern and relatively local in scope.
 Even our ability to use the language of the text, tai-
lored to that culture, as the basis for transforming
 the text into something that reflects our modern
 scientific understanding is undermined by the dif-
ferences in cognitive environment and literary
 conventions of narrative reports. Such an approach
 to the text distracts our attention from the theo-
logical truths the text is stressing.
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  THE ROCK CYCLE AND TIMESCALES 
  OF GEOLOGIC PROCESSES 
  THIS CHAPTER COVERS: 
 The rock cycle that describes the formation of
 different types of rocks in the Earth's crust
 Timescales of geologic processes involved in
  the rock cycle 
 Descriptions of many important rocks in the
 Earth's crust with a photographic glossary
 The concept of the rock cycle emerged from the
 examination of rocks and structures in the Earth's
 crust and observations of surface geological pro-
cesses (chap. ). Some obvious processes include 
 volcanism, seismicity (earthquake activity), weath-
ering, erosion, sediment transport, and deposition.
 Geologic processes that occur deep in the Earth
 were inferred from observations of rocks and
 structures in the field, such as James Hutton's in-
terpretations of igneous rocks crystallizing from
 subterranean magma chambers and the indu-
ration (solidification) and deformation of sedi-
mentary rocks. The earliest geologists understood
 that the mineral particles in sedimentary rocks
 could be derived from the weathering of older ig-
neous bedrock. Geologists soon recognized meta-
morphic rocks, a third category of rocks that
 formed through transformations of other rocks by
 heat and pressure deep in the Earth's crust.
 These Earth processes in the rock cycle reflect
 the functional integrity of creation, as sustained by
 Christ, such as illustrated poetically in Psalm .
 Evoking a volcanic eruption, the Creator touches
 the mountain and the mountain smokes. “You let
 loose the springs in freshets, among the mountains
 they go,” and, “He waters the mountains from His
 lofts, from the fruit of Your works the earth is
 sated.”   Creation ministers to creation in regular
 ways, creating and filling places for life to flourish
 (or not). God's hand (as if God has hands) is
 unseen, and we might not realize it if the Lord had
 not revealed himself to us.
 In this chapter you will learn more about the
 rock cycle and timescales of geologic processes
 that create and transform rocks. Photos and de-
scriptions of common rocks can be found in
  section .. 
  14.1. THE ROCK CYCLE EXPLAINED 
 Geologists have inferred complex cycles of mate-
rials and processes in the Earth's crust and on its
 surface, which give us tangible examples of the
 creation's functional integrity. Here is a simplified
 narrative of the rock cycle (fig. .): magma in- 
jected into the deep crust forms massive bodies of
 plutonic rocks such as granite. Magma forced to
 the surface results in volcanic eruptions and flows
 of glowing lava. Uplift during mountain building
 elevates the granite to the surface, where it is sub-
jected to weathering and erosion. Sediment par-
ticles from the granite are transported by streams
 to the sea, where they are deposited in thick
 layers beneath the seafloor. The layers of sediment
 are compressed and cemented into sedimentary
 rock. Forces in the Earth (the same forces that
 cause earthquakes) deform the sedimentary
 1
  Robert Alter, 
 The Book of Psalms: A Translation with Commen-
tary   (New York: W. W. Norton, ), , .
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 strata into fault blocks and wave-like folds. Under
 high temperature and pressure conditions deep
 in the Earth's crust, igneous and sedimentary
 rock is transformed into different forms of meta-
morphic rock. Some metamorphic rocks melt
 and produce massive bodies of magma that cool
  into igneous rocks. 
 Energy, defined as the ability to do work, is re-
quired to drive the physical and chemical rock
 transformations in the rock cycle. Ultimately, two
 sources of thermal (heat) energy are involved. First,
 geothermal heat is produced in the Earth from the
 radioactive decay of isotopes in the crust and
 mantle, along with heat left over from the for-
mation of the Earth (chap. ). Heat flow from the 
 Earth is responsible for () movement and defor-
mation of rocks in the crust, as revealed in folded
 strata and experienced during earthquakes; ()
 melting of rock to produce magma, as revealed by
 volcanic eruptions; and () metamorphic transfor-
mations of rocks. Second, heat from the Sun is es-
sential for chemical and physical reactions at the
 surface that weather rock. Gravity and kinetic
 energy play important roles in the transport of
 sediment particles across the Earth's surface from
 places of sediment production to places of sed-
 iment accumulation. 
 14.2.   HOW FAST IS THE
  ROCK CYCLE? 
 Timescales of geologic processes in the rock
 cycle are known from observations in the field
  PLUTONIC 
  IGNEOUS 
  ROCKS 
 ash
 basalt
 andesite
 rhyolite
 gabbro
 diorite
 granite
 gravel
 lime  mud
 shells
 limestone
 dolostone
 shale
 sandstone
 conglomerate
 quartzite
 slate
 phyllite
 schist
 gneiss
 marble
 mud
 sand
  MAGMA 
 melting
  VOLCANIC 
  IGNEOUS 
  ROCKS 
  ENERGY: HEATFROMTHESUN, GRAVITY 
  ENERGY: HEATFROMTHEEARTH 
  SEDIMENTARY 
  ROCKS 
  METAMORPHIC 
  ROCKS 
 Surface
 Shallow  crust
 Deep  crust
 weathering  erosion
 weathering  erosion
 weathering  erosion
 extrusion
 intrusion
 sedimentation
 metamorphism
 metamorphism
  SEDIMENT 
 melting
 melting
 Figure ..   The rock cycle in the Earth's crust involves transformations of materials at the surface and in the deep Earth, with energy supplied
 from solar and geothermal heat and gravity. Rock and sediment names are printed in regular type, and rock-forming processes are printed in
 italics. Rocks in the diagram are illustrated in the photographic glossary in § ..
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 and experimentation in the laboratory. While it
 is possible to observe volcanic eruptions and de-
position of river sediment, some processes re-
quire interpretation of how materials formed in
 the past, such as rock formation deep in the
 crust. Geologists use microscopes and geo-
chemical tools to examine clues to a rock's origin.
 Laboratory experiments are conducted to sim-
ulate conditions in the past or in the deep sub-
surface. For instance, powdered minerals are
 subjected to high temperatures and pressures to
 determine the conditions involved in rock meta-
morphism. Computer models are also useful in
 simulating conditions and timescales of rock-
forming processes. Many examples of geologic
 processes and timescales (rates) of formation are
  described below. 
 ... Cooling magma.   Magma that is injected into
 the lower crust or rises to the surface in volcanic
 eruptions is generated in the upper mantle or
 lower crust. Fluid magma rises up through the
 crust because it is less dense than the surrounding
 solid rock. Columns of magma rise through the
 crust, forcing their way upward by fracturing and
 melting the rock above. These columns may rise
 at rates of less than a meter to fifty meters per year
 and ascend over vertical distances of many kilo-
meters. Focused heating of the upper mantle and
 lower crust can result in localized melting to
 provide the source of magma that intrudes into
 shallow levels of the crust. Over time, the addition
 of magma melts away at the surrounding crust,
 forming massive magma chambers. They crys-
tallize to form large masses of rock called   plutons.
 Beneath many mountain belts, multiple over-
lapping plutons create larger masses of igneous
 rock called   batholiths. For example, the Sierra
 Nevada batholith is a collection of granite plutons
 that are altogether one hundred kilometers wide,
  kilometers long, and at least sixteen kilo-
meters thick. Using theoretical models for heat
 flow from large magma bodies under temperature
 conditions beneath mountains, the mass of Sierra
 Nevada magma would have taken as much as
 three million years to cool to a uniform solid. Yet
 field evidence and radiometric dating of the
 plutons indicate that they did not all form at the
 same time as one gigantic chamber but as many
 smaller chambers emplaced over a period of more
 than  million years.
 Yellowstone National Park overlies a massive
 chamber (over  km thick) of molten rock and solid
 minerals buried only five to seventeen kilometers
 beneath the surface. Heat from the chamber pro-
vides the energy for the eruption of Yellowstone's
 famous geysers (such as Old Faithful) and hot
 springs.   Being close to the surface, the Yellowstone
 magma body presents a volcanic hazard to the
 region, as revealed in the numerous lava flows and
 volcanic deposits in and around the park. Radio-
metric age dates for these rocks document major
 episodes of eruption that cluster around . million
 years, . million years, and , years. The Yel-
lowstone magma chamber has remained molten for
 over two million years because the upper mantle
 appears to be anomalously hot below the crust there.
 Geologists have detected plutons and lava flows west
 of Yellowstone that formed in the past from the
 eruptions and cooling of magma chambers similar
 to the Yellowstone magma chamber. These bodies of
 igneous rock have progressively older radiometric
 age dates with distance from Yellowstone.
 ... Mountain uplift and removal.   The exposure of
 plutonic igneous rocks and metamorphic rocks at
 the surface of the Earth is a testimony to deep time.
 These rocks, which form in the crust at depths of
 ten to twenty-five kilometers, must be lifted to the
 surface during mountain building and concurrent
 erosion. Uplift rates vary between different
 2
 Davis A. Young and Ralph L. Stearley,   The Bible, Rocks and Time:
 Geological Evidence for the Age of the Earth   (Downers Grove, IL:
 InterVarsity Press, ), -, -.
 3
 Hsin-Hua Huang et al., “The Yellowstone Magmatic System from
 the Mantle Plume to the Upper Crust,”   Science    (): -.
 4
 Robert B. Smith and Lee J. Siegel,   Windows into the Earth: The
 Geology of Yellowstone and Grand Teton Parks   (London: Oxford
  University Press, ). 
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 mountain belts, but estimates of one to two milli-
meters per year are typical, with twelve millimeters
 per year as a maximum.   The granite plutons of the
 Sierra Nevada Range formed over the period of
 two hundred to ninety million years ago at depths
 of ten to twenty kilometers below the surface.
 Uplift of the range, bringing the granite to as much
 as four kilometers above sea level, began about five
  million years ago. 
 Erosion occurs during uplift and continues after
 uplift ceases, eventually leveling the former moun-
tains to sea level. Old mountains such as the Great
 Smoky range in central Appalachia are eroding at
 rates of . to . millimeters per year.   Younger
 (and higher) mountain ranges such as the Hima-
layas are eroding at rates of two to five millimeters
 per year.   Based on these rates, it would take tens
 to hundreds of millions of years for igneous and
 metamorphic rocks that formed deep in the crust
 beneath a mountain belt to be raised and eroded
  to sea level. 
 ... Rock weathering and soil formation.   When
 bedrock is exposed above sea level, it is subjected
 to the forces of physical and chemical weathering.
 As long as there is limited erosion or deposition on
 the surface, a soil may develop above the weathered
 bedrock. The thickest soils form in warm, humid
 climates. Depending on local conditions, rates of
 soil formation range from . to one hundred
 centimeters per year.   For instance, a two-meter-
thick soil in a wetland bog formed over a period of
 three thousand years. In contrast, a one-meter-
thick soil in tropical Africa formed over a period of
  seventy-five thousand years. 
 5
 Lon D. Abbott et al., “Measurement of Tectonic Surface Uplift Rate
 in a Young Collisional Mountain Belt,”   Nature    (): -.
 6
 A. Matmon et al., “Erosion of an Ancient Mountain Range, The
 Great Smoky Mountains, North Carolina and Tennessee,”   Amer-
ican Journal of Science    (): -.
 7
 Emmanuel J. Gabet et al., “Modern Erosion Rates in the High
 Himalayas of Nepal,”   Earth and Planetary Science Letters   
  (): -. 
 8
 S. W. Buol et al.,
 Soil Genesis and Classification, th ed.   (Ames:
 Iowa State University Press, ), -.
 Ancient soils buried in the rock record are
 called   paleosols. Geologically recent paleosols are
 recognized in river-terrace deposits that formed
 since the last ice age. These soils often contain
 evidence of human habitation. Even older pa-
leosols are abundant and well developed in the
 exposed strata of the South Dakota Badlands.
 There geologists recognize over eighty distinct pa-
leosol horizons.   Any paleosol in the stratigraphic
 record is evidence of a prolonged period of non-
deposition between underlying and overlying
 strata, on the order of at least thousands to tens of
  thousands of years. 
 Clay minerals that are contained in shale and
 other mudrocks do not crystallize in igneous rocks.
 Chemical weathering converts feldspar, mica, and
 other minerals in igneous rocks into different clay
 minerals that are eroded from soils and eventually
 transported to the sea, where mudrock is de-
posited. In contrast, the mineral quartz, which is
 the predominant mineral in sandstone and silt-
stone, is not altered during chemical weathering.
 Since mudrocks are the most abundant sedi-
mentary rocks in the Earth's crust (greater than 
 percent), the implication is that all the clay in the
 most abundant rock in the Earth's crust had to be
 created through soil formation before it could be
 deposited. All the soil on Earth at any given
 moment in its history could not provide enough
 clay for all of these rocks. For all the mudrock in
 the Earth's crust to have been deposited in a global
 deluge, as believed by modern flood geologists (
 §
 .), an equivalent volume of clay would have to
 be produced in the thousand years between the
 creation week and the Flood.
 ... Sedimentation rates.   Sedimentation is an-
other tangible example of functional integrity.
 Sediment accumulates in a variety of terrestrial
 and marine settings. Sedimentary environments
 9
  Greg J. Retallack, 
 Late Eocene and Oligocene Paleosols from Bad-
lands National Park, South Dakota, Special Paper  (Boulder,
 CO: Geological Society of America, ).
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 include desert sand dunes, river sand and gravel
 bars, tidal mudflats, beaches, deltas, and coral
 reefs. Sedimentation rates have been estimated by
 direct observation, but the rates very much depend
 on particular processes and local conditions. For
 instance, there is no single value for coral growth
 rate or beach sand accumulation. Yet the range of
 observational estimates gives us an idea of the
 timescales required for sediment to accumulate in
 these environments, leading to an understanding
 of how long it takes for different kinds of strata to
 form. We will examine sedimentation rates in four
 settings: deltas, beaches, carbonate environments,
 and the deep sea.
 .... Deltas.   The delivery of sand and mud to
 the mouth of a river results in the formation of a
 delta. As sediment is delivered to the sea, a delta
 advances and pushes the coastline seaward. Sedi-
mentation rates in modern delta environments are
 highly variable, depending on the amount of sed-
iment being delivered by the river and the effects
 of tides and waves dispersing the sediment once it
 reaches the sea. With its annual load of some 
 metric tons of sediment, the Mississippi River has
 advanced approximately  kilometers from New
 Orleans to the present river mouth over a period of
 about one thousand years. This has deposited a
 thick layer of sand and mud over older deposits
 that had accumulated in deeper waters of the Gulf
 of Mexico. The blanket of sand deposited by the
 distributary at Southwest Pass over the past two
 hundred years is eight to ten kilometers long and
 twenty to eighty meters thick.
 However, the history of the Mississippi River
 Delta extends back further than one thousand
 years. We know that the river has shifted re-
peatedly in the past, as satellite images show
 abandoned deltas on either side of the modern
 delta. Extensive coring to examine subsurface
  10 
 H. R. Gould, “The Mississippi Delta Complex,” in   Deltaic Sedi-
mentation: Modern and Ancient, ed. James P. Morgan, Special
 Publication  (Tulsa, OK: Society of Economic Paleontologists
 and Mineralogists, ), -.
 sediments in the region has revealed no less than
 six separate delta advances in the past six
 thousand years.   Furthermore, the sedimen-
tation history of the northern Gulf of Mexico ex-
tends back much further than six thousand years.
 The modern Mississippi River is only the most
 recent of stream systems that have been progres-
sively filling a broad depression that extends from
 the present coastline to southern Illinois, a dis-
tance of about sixteen hundred kilometers. The
 oldest sediments in this depression belong to the
 Cretaceous system and contain evidence of life
 from the age of dinosaurs, some  million years
  in the past. 
 .... Beaches.   Galveston Island on the
 Texas Gulf Coast is a good example of a barrier-
island depositional environment. Sand is de-
posited on the beach and in front of the beach in
 a series of broad sandbars. Onshore winds plow
 sand into a line of dunes behind the beach. Rows
 of ancient beach ridges behind the present beach
 indicate the seaward migration of the whole
 island as waves and longshore currents continu-
ously add sand to the beach.  C dating of wood
 found in these ancient beach ridges shows that
 Galveston Island has advanced four kilometers
 over the past thirty-five hundred years (.
 km/, years).   Seaward growth of the island
 has created a five- to ten-meter-thick layer of
 sand that, if hardened into sandstone, would re-
semble many of the sandstone formations around
  the world. 
 .... Carbonate sedimentary environments.
 The Bahamas islands are part of a massive bank
 that is literally growing in the Atlantic Ocean
 beyond the continental margin of Florida. Sed-
iment on the beaches and lagoon floors of the
  11 
 James M. Coleman, “Dynamic Changes and Processes in the
 Mississippi River Delta,”   Geological Society of America Bulletin
   (): -. 
  12 
 Hugh A. Bernard and Rufus J. LeBlanc, “Resume of the Quater-
nary Geology of the Northwestern Gulf of Mexico,” in   The Qua-
ternary of the United States, ed. H. E. Wright Jr. and David G.
 Frey (Princeton, NJ: Princeton University Press, ), -.
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 Bahamas is composed of calcium carbonate,
 mostly from biological sources. Invertebrate
 animals and marine algae form shells and seg-
ments composed of the carbonate minerals
 calcite and aragonite. Coral reefs are marine en-
vironments where tremendous volumes of car-
bonate sediments are produced. Even the white
 sand on fabulous Bahamian beaches is com-
posed of tiny spheres of calcium carbonate called
 ooids. Rock cores obtained from drilling deep
 into the Bahama Banks reveal limestone made of
 the same materials that are being deposited at
 the surface. All indications are that the Bahama
 Banks are a six-kilometer-thick accumulation of
  calcium carbonate. 
 Other locations where carbonate sediments are
 being deposited include the southern Florida coast,
 many Caribbean islands and Central American
 coasts, the southern Persian Gulf, many coastlines
 of Southeast Asia, and Australia with its Great
 Barrier Reef. Coral atolls are ocean islands with
 thick accumulations of carbonate sediment over
  ancient volcanic islands. 
 Carbonate sediment accumulates along many
 coasts at rates of between .– meters per
 thousand years. Coral reefs are the fastest pro-
ducers of carbonate sediment, resulting in accu-
mulation rates of two to six meters per thousand
 years.   A limestone formation of Ordovician age in
 Tennessee features two layers of ancient volcanic
 ash about four meters apart from each other (see
  fig. .). Radiometric dates from minerals in the 
 volcanic ash layers indicate about . million years
 between eruptions (. ± . and . ± .
 million years ago).   From this, one can estimate
  13 
 Robert N. Ginsburg, ed.,
 Subsurface Geology of a Prograding
 Carbonate Platform Margin, Great Bahama Bank: Results of the
 Bahamas Drilling Project   (Tulsa, OK: Society for Sedimentary
  Geology, ). 
  14 
 Paul Enos, “Sedimentary Parameters for Computer Modeling,”
 in   Sedimentary Modeling: Computer Simulations and Methods
 for Improved Parameter Definition, ed. Evan K. Franseen et al.,
 Kansas Geological Survey Bulletin    (): -.
  15 
 Note the overlap in dates according to the confidence intervals
 that about two meters of sediment accumulated
 per one million years. This rate is somewhat slower
 than the observed accumulation rate for modern
 carbonate sediments, but it is very likely that the
 four meters of limestone was not deposited con-
tinuously but episodically, over the two million
  years between eruptions. 
 .... Deep sea.   Deep oceans are one setting
 where deposition is indeed gradual. Surface
 ocean water contains suspended particles of clay
 derived from the land and delivered by high-
level winds and microscopic organisms with cal-
careous and siliceous skeletons called   plankton
 that live in the water. Clay particles and dead
 plankton settle on the seafloor like a slow-motion
 snow flurry, forming layers of red clay or chalky
 ooze. Estimated sedimentation rates for red clay
 range from one to four millimeters per one
 thousand years. Calcareous ooze accumulates at
 rates of one to three centimeters per one
 thousand years, and siliceous ooze from one to
 ten millimeters per one thousand years.   Cores
 of deep-ocean sediment all across the world's
 oceans, some extending thousands of feet below
 the seafloor, show similar patterns of deposition
  from suspension. 
 ... Sediment to rock: Burial.   The process of
 making sedimentary rock does not stop with sed-
 iment deposition. 
 Ocean drilling, primarily from oil and gas
 exploration, reveals the transformation of sed-
iment to rock in basins such as the Gulf of
 Mexico. Beneath this sea are over six thousand
 meters of sandstone, shale, limestone, and salt
 that can be traced from the US Gulf Coast all the
 way to the Yucatan Peninsula of Mexico. The
 first hundred meters of sediment below the
 of . and . million years ago. That means that the two dates
 may be closer together than two million years or further apart,
 but within the maximum range of the determined confidence
  intervals. 
  16 
 Enos, “Sedimentary Parameters for Computer Modeling,” -.
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 seafloor is wet and poorly consolidated.   Below
 that, the sediment becomes stiff from com-
paction as water gets squeezed out of pores be-
tween the sediment particles. Heating during
 burial converts dispersed organic matter to
 simpler hydrocarbon molecules, producing oil
 and gas. Pores between sand-size particles are
 partially or completely filled with tiny minerals
 that cement the sediment into rock. In this
 manner, clay layers turn into shale, sand layers
 into sandstone, and carbonate layers into lime-
stone. These progressive changes of sediment to
 rock during burial are observed repeatedly in
 places all over the world.
 Other sedimentary rocks can form more
 rapidly. Limestone is composed of calcium car-
bonate particles, largely from the breakdown of
 invertebrate shells and calcareous algae that live
 on the seafloor. Calcium carbonate, in the form of
 minerals calcite and aragonite, is very soluble.
 Changes in water pH (acidity-alkalinity) and
 temperature will cause either the dissolution or
 precipitation of these minerals in fresh water or
 seawater. Beachrock is a kind of limestone that
 forms along beaches composed of carbonate sed-
iment, such as along the Florida coast or around
 Bahamian islands. Calcium carbonate crystals
 precipitate between the sediment particles to
 cement the rock. The rocks can be so recently ce-
mented that they contain broken glass bottles or
 metal fragments. Other limestones contain evi-
dence of multiple generations of cements that
 reflect cycles of burial, uplift, and reburial oc-
curring over millions of years.
 ... Metamorphism.   Our final example of func-
tional integrity in the rock cycle is metamorphism.
 Metamorphic rocks are rocks transformed by heat
 and pressure in a variety of ways. Rapid metamor-
phism occurs when rock is heated quickly by in-
truding magma or shocked by the high pressure of
  17 
 In fact, drillers call the sediment “gumbo,” the popular Cajun
 dish of broth mixed with rice, chicken, seafood, and sausage.
 a large meteor impacting the surface. Most meta-
morphic rocks are created by the application of
 high temperatures and pressures over long periods
 of time across thousands of cubic kilometers of
 rock. These conditions occur deep in the Earth's
 crust (between  and  km), at temperatures of
 between two hundred to twelve hundred degrees
 Celsius and at pressures of two to ten kilobars (at-
mospheric pressure at sea level is equal one bar, or
 . kilobars). This large-scale regional metamor-
phism results from processes that alter the mineral
 composition and texture of the original rock. Re-
crystallization involves reorganization of crystal
 structures and exchange of chemicals with hot
 fluids in the rock. New minerals, such as chlorite,
 muscovite, garnet, and hornblende, form at distinct
 temperatures and pressures that have been deter-
mined by laboratory experiments. Microscopic ob-
servations of metamorphic minerals reveal
 chemical zonation that reflects changes in temper-
ature, pressure, and surrounding fluid chemistry as
 the minerals grow. Stress acting on the body of rock
 during metamorphism aligns and deforms crystals
 into planar and wavy patterns called foliation.
 Rates of metamorphism are difficult to quantify.
 Some laboratory experiments suggest pulses of
 change (as indicated in the mineral zones) over
 periods of hundreds of thousands of years. Other
 experiments indicate much slower rates of change.
 Computer models simulate metamorphism by the
 advance of high-temperature conditions across a
 rock body at rates from .– millimeters per year.
 High-resolution radiometric dating of different
 chemical zones in minerals is used to estimate the
 timespan of crystal growth.   Applied to thousands
 of cubic kilometers of rock, experimental evidence,
 computer models, and radiometric dating indicate
 timespans of tens of millions of years to reach peak
  regional metamorphism. 
  18 
 Kevin W. Burton and R. Keith O'Nions, “High-Resolution Gar-
net Chronometry and the Rates of Metamorphic Processes,”
 Earth and Planetary Science Letters    (): -.
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  14.3. ILLUSTRATED ROCK GLOSSARY 
 Each photo in the glossary covers a ten-centimeter-by-ten-centimeter area of the rock surface. Most of
 the rocks featured in figure .  are included in the glossary. 
 ... Igneous rocks.   Igneous rocks crystallize from magma. Igneous rock can form quickly when magma
 erupts onto the surface of the Earth, either as volcanic lava flows or as explosive pyroclastic material.
 Crystals in volcanic rocks tend to be small because they form quickly at low temperatures at or just below
 the Earth's surface. Plutonic igneous rock forms when magma injected into the deep crust (sometimes in
 vast magma chambers) cools very slowly, allowing coarse crystals to form.
 Peridotite   is an ultramafic, plutonic rock made of coarse minerals of
 olivine with pyroxene that is thought to represent the composition of
 the upper mantle. Olivine and pyroxene are iron-magnesium silicate
 minerals that give the rock its dark color. Ultramafic rocks have whole-
rock silica (SiO) compositions of less than  percent (by weight).
 Gabbro   is a mafic, plutonic rock composed of coarse-crystalline cal-
cium-rich plagioclase feldspar and pyroxene with olivine that forms
 deep in ocean crust. Mafic rocks have whole-rock silica (SiO) compo-
sitions from  percent to  percent (by weight). Chemically, gabbro
 is the plutonic equivalent of basalt.
 Basalt   is a mafic, dark-colored, fine-crystalline, volcanic rock com-
posed of calcium-rich plagioclase feldspar and pyroxene with olivine
 that forms the upper portion of the ocean crust. Mafic rocks have
 whole-rock silica (SiO) compositions from  percent to  percent (by
 weight). Chemically, basalt is the volcanic equivalent of gabbro. Pores
 (vesicles) that may or may not be present result from gas emitted from
  lava during cooling. 
 Andesite   is a gray, fine-crystalline, volcanic rock composed of sodium-
rich plagioclase feldspar, pyroxene, or amphibole with mica that forms
 primarily in volcanic mountain belts, such as the Andes, Cascades, and
 Japan. The plutonic (coarse crystalline) equivalent of andesite is   di-
orite. Andesite and diorite have whole-rock silica (SiO) compositions
 from  percent to  percent (by weight).
  19 
 Rock specimens from the Wheaton College Geology Collection, photographed by Joshua Olsen.
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 Granite   is a felsic, light-colored, coarse-crystalline, plutonic rock com-
posed of quartz, potassium and plagioclase feldspar, amphibole, and
 mica, and is common in continental crust. It forms from the melting of
 deep crustal rocks during mountain-building events. Felsic rocks have
 whole-rock silica (SiO) compositions greater than  percent (by
 weight). Chemically, granite is the plutonic equivalent of rhyolite.
 Granodiorite   is a coarse-crystalline, plutonic rock similar to granite
 but contains more plagioclase than potassium feldspar and represents
 the average composition of the upper continental crust.
 Rhyolite   is a felsic, light-colored, fine-crystalline, volcanic rock com-
posed of quartz, potassium and plagioclase feldspar, amphibole, and
 mica. Felsic rocks have whole-rock silica (SiO) compositions greater
 than  percent (by weight). Chemically, rhyolite is the volcanic equiv-
 alent of granite. 
 ... Sedimentary rocks.   Sedimentary rocks are composed of particles deposited by wind, water, or ice.
 Sediments are eroded off the land, blown by the wind, carried to the oceans by rivers, deposited on the
 ocean floors, and then slowly turned into rock. Sediments can also be derived from the shells of marine
 invertebrate animals and from organic debris derived from plants.
 Conglomerate   is a sedimentary rock containing rounded, pebble-sized
 particles composed of quartz or rock fragments. Conglomerate sed-
iment is deposited in alluvial-fan and river deposits, generally in prox-
imity to uplifted terrain.
 Sandstone   is a sedimentary rock containing sand-size particles (- to
 /-mm diameter) composed of quartz and other minerals. More an-
gular sand grains may indicate proximity to the sediment source, such
 as in river deposits. Well-rounded and sorted sand (meaning same size)
 accumulates in beach and near-shore marine environments.
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 Siltstone   is a sedimentary rock containing silt-size particles (/- to
 /-mm diameter) usually composed of quartz and typically mixed
 with clay. Carried to the sea by rivers, silt tends to accumulate beyond
 the coast, where the seafloor is deep enough to be only disturbed
 during storms that agitate the water column. The photo features a
  brachiopod fossil. 
 Mudstone   is a sedimentary rock composed of silt and clay particles
 (clays are less than /-mm diameter).   Shale   is a type of clay-rich
 mudstone forming thin layers that can be peeled apart. Clay sediment
 accumulates in low–current energy settings, such as floodplains, mud-
flats, and the deep sea. The photo features a brachiopod fossil.
 Limestone   is a biochemical sedimentary rock composed primarily
 of calcium carbonate (calcite). Fossils are common in limestone
 (abundant in this specimen). With a microscope one can see that
 most of the particles in coarse limestone are derived from broken
  fossil remains. 
 Dolostone   is a biochemical sedimentary rock composed primarily of
 magnesium-calcium carbonate (dolomite). Most dolostone originated
 as limestone that went through a chemical-mineralogical transfor-
mation after burial (calcite to dolomite). Pores in this specimen are
 molds of fossils that dissolved out of the rock (coral in center).
 Organic sedimentary rocks are composed of carbonized woody ma-
terial such as peat, lignite, and   coal.
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 ... Metamorphic rocks.   Metamorphic rocks mostly form when igneous and sedimentary rocks are buried
 to great depths and are subjected to great heat and/or pressure over a long period of time, resulting in
 changes in the mineral composition and appearance of the rock.
 Gneiss   is a coarse-crystalline, banded metamorphic rock derived
  from granite. 
 Schist   is a wavy-banded metamorphic rock derived from siltstones or
 silty shales. Clay minerals in the rock change into flaky mica that grows
 in the rock and becomes deformed and aligned in bands.
 Slate   is a thinly layered, metamorphic rock derived from shale.
 Quartzite   is a light-colored, very hard metamorphic rock derived from
  quartz sandstone. 
 Marble   is a metamorphic rock derived from limestone or dolostone.
[image: ]
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  ROCKS OF AGES: MEASURING 
  GEOLOGIC TIME 
  THIS CHAPTER COVERS: 
 How scientists tried to determine the
 duration of the Earth history before the
  twentieth century 
 The importance of radioactivity as a source of
 heat in the Earth and key to determining the
 age of geological materials
 Methods of radiometric dating with examples
 Tests for the validity of radiometric dating
  methods with examples 
 Nonradiometric methods for dating geological
  materials 
 The age of the Earth, now understood to be .
 billion years (or . Ga), is really less of a theory
 than it is a measurement. There are, of course,
 theoretical aspects of getting the measurement. So
 basic assumptions involved in the dating methods
 must be tested. Early attempts at determining the
 age of the Earth were highly theoretical, depending
 on assumptions that were often difficult to test. So,
 not surprisingly, the different methods of calcu-
lation gave a wide range of answers. But the dis-
covery of radioactive elements and their properties
 in the late nineteenth century led to multiple
 methods for measuring not only the age of the
 Earth but also individual rocks of various ages in
 Earth's history that contain those elements. The
 geologic column finally became a measuring stick
 for geologic time due to the discovery of the regu-
larities of creation involved in radioactive decay.
 In this chapter we will cover the fundamentals
 of radiometric dating, test the validity of theo-
retical assumptions applied to the methods, and
 give some examples of how the methods work. We
 will not cover every method, but you should gain
 enough understanding to appreciate the signifi-
cance of these methods in providing insights into
 the history of the Earth and solar system.
  15.1. EARLY ATTEMPTS 
  AT ESTIMATING THE AGE 
  OF THE EARTH 
 As we learned in chapter twelve, early geologists 
 were impressed by the thickness of sedimentary
 rock preserved in the Earth's crust. For example,
 using the principle of superposition, the composite
 thickness of strata across the US Colorado Plateau
 region, from the oldest strata in the base of the
 Grand Canyon in Arizona to the youngest strata ex-
posed at Bryce Canyon, Utah, is about , meters
 (, ft). The thickness of sediment and sedi-
mentary rock under the Gulf of Mexico exceeds
 , meters (, ft). Following the uniformi-
tarian assumption that those strata accumulated at
 rates of deposition similar to modern sedimentary
 deposits, one could at least estimate how long it
 might have taken for those strata to accumulate.
 Various calculations ranged from millions to hun-
dreds of millions of years. John Phillip's estimate in
  was ninety-six million years from the base of
 the Cambrian to the Pleistocene.   Of course, there
 are many problems with this approach, namely:
 1
 M. J. S. Rudwick,
 Earth's Deep History: How It Was Discovered
 and Why It Matters   (Chicago: University of Chicago Press,
  ), . 
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 •
 Nowhere on Earth is there a complete record
  of sedimentary rocks. 
 •
 Sedimentary rocks accumulate at different
 rates in different environments.
 •
 The calculation ignores unconformities rep-
resenting gaps in the record of deposition
 (sediment removed or never deposited).
 •
 The calculation does not take into account
 the age of igneous and metamorphic rocks
 below the oldest sedimentary rocks.
 However, the implication of deep time was pro-
vocative when it was proposed in the nineteenth
 century based on this kind of exercise.
 Another approach to estimating the age of the
 Earth was to consider the salt content of the oceans.
 Salts in the ocean are largely derived from the
 chemical weathering of rocks on land. As rocks
 weather, minerals may dissolve completely, such as
 calcite, or alter to other minerals with the by-
product of elements that go into solution, such as
 feldspar minerals transforming to clay minerals.
 Rivers carry the dissolved solids (elements in so-
lution) to the sea, where they mix with other ele-
ments in seawater. Typical river water–dissolved
 solid content is on average about one hundred mil-
ligrams per liter. Typical ocean water dissolved
 solid content ranges from thirty-three thousand to
 thirty-seven thousand milligrams per liter. In 
 Irish geologist John Jolly used estimates of the rate
 of sodium input to the sea to calculate that it took
 ninety to one hundred million years for ocean
 water to reach its present salinity.   But there are
 problems with this calculation, too, namely: () we
 know that various natural processes contribute
 and remove dissolved solids from the sea, and ()
 these processes appear to be balanced, such that
 ocean salinity has been fairly constant for at least
 the past five hundred million years. Evidence for
 this includes the salinity of seawater trapped in
 ancient minerals that formed on the seafloor.
 2
  Rudwick, . 
 Geochemists have determined that different
 elements have unique residence times depending
 on the concentration of the substance in the ocean
 and the rate at which it is added and removed. Iron
 has one of the shortest residence times, of only two
 hundred years. This interval does not mean that
 every iron molecule lasts in the ocean two hundred
 years but that the average residence time for all
 iron in the ocean is two hundred years. Water mol-
ecules recycle in and out over a period three
 thousand five hundred years (mostly through river
 input, rainfall, evaporation, and sea-ice formation).
 The residence time for calcium is one million years,
 but the king of ocean residency (who just does not
 know when the pool party is over!) is chloride,
 with a residence time of one hundred million years.
 Some modern advocates for a recent creation con-
tinue to claim that ocean water should be “more
 salty” if the Earth is billions of years old, and they
 interpret residence times as indicators of ocean-
water age.   Residence times have nothing to do
 with the age of the Earth.
 Another highly regarded estimate for the age of
 the Earth in the late nineteenth century followed
 from calculations of heat loss from the Earth's in-
terior. English physicist William Thompson, also
 known as Lord Kelvin, determined that the Earth
 would have cooled from an original molten state to
 its present condition over twenty to one hundred
 million years. Thompson believed that the only
 source of internal heat was left over from the cre-
ation of the planet. His calculation was shown to
 be erroneous when another important source of
 internal heat was discovered at the start of the
 twentieth century. That source, radioactivity, also
 turned out to be the key to finally determining the
 absolute age of the Earth and modern techniques
 for dating geological materials.
 3
 Compare discussion of Earth's age using ocean chemistry in John
 D. Morris,   The Young Earth   (Green Forest, AR: Master Books,
 ), -, and explanation of residence times for elements in
 seawater in Frank J. Millero,   Chemical Oceanography   (New York:
 Taylor and Francis, ), -.
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  15.2. DISCOVERY OF 
  RADIOACTIVITY AND THE METHOD 
  OF RADIOMETRIC DATING 
 In the last decade of the nineteenth century, phys-
icists, including Wilhelm Conrad Röntgen, seren-
dipitously discovered that certain elements
 emitted invisible x-rays (§ .). Henri Becquerel
 found that x-rays from uranium salts could pass
 through solid objects. Marie Curie studied
 uranium and thorium, and discovered additional
 radioactive elements, polonium and radium.
 Ernest Rutherford determined that radiation in-
volves the emission of alpha and beta particles
 and gamma rays. This pioneering work on radi-
ation led to an understanding of the basic
 structure of the atom. Alpha particles are com-
posed of helium nuclei (two protons and two neu-
trons). Beta particles are electrons. Gamma rays
 are essentially the x-rays that were previously
 detected in early experiments. Rutherford and
 Frederick Soddy theorized that atoms of radio-
active elements transform, or decay, into atoms of
 other elements by the emission of alpha and beta
 particles along with gamma radiation and the re-
 lease of heat. 
 Radioactive atoms are also called   radionuclides.
 Nuclides are defined by the specific number of
 neutrons and protons in the nucleus of the atom.
 Recall from section .. that isotopes are atoms of
 an element with different atomic mass numbers.
 All elements have isotopes that are radionuclides.
 For example, varieties of uranium isotopes include
 (by atomic mass number)  U,  U, and  U
 .
 
 All these isotopes are radionuclides. It turns out
 that all the isotopes of elements of atomic number
 greater than eighty-three are radionuclides. Many
 elements have stable isotopes that do not decay.
 4
 This is chemical shorthand for the atomic number and atomic
 mass number of an element. For example,   U  indicates a ura-
nium isotope with an atomic number of  (the number of pro-
tons in its nucleus, which is true for all isotopes of uranium) and
 atomic mass number of  (the sum of protons and neutrons
  in its nucleus). 
 For example, all of the isotopes of oxygen,  O,  O,
 and  O, are stable nuclides.   Carbon isotopes are a
 mix;  C and  C are stable nuclides, while  C is a
 radionuclide. Radiogenic means that the isotope is
 the product of radioactive decay.
 Rutherford and others observed in their exper-
iments that over time the radioactivity of the
 original radioactive   parent   element decreased as
 the radioactivity of the resulting radiogenic
 daughter element increased proportionately (fig. 
  .). The decay and growth curves for the parent 
 radionuclide and the stable daughter radiogenic
 isotope follow exponential patterns of change.
 They recognized that it was possible to determine
 a specific   decay rate constant   λ for every radio-
active element. Specifically, the decay constant
 “states the probability that a given atom of the ra-
dionuclide will decay within a stated time.”   From
 this pattern of decay and growth, it's important to
 5
 It is common practice not to include the atomic number for iso-
topes in chemical literature, only the superscript for the atomic
 mass number, such as for   O.
 6
  Alan Dickin, 
 Radiogenic Isotope Geology   (Cambridge: Cam-
bridge University Press, ), -.
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 Figure ..   Decay and growth curves for parent radionuclide and
 stable radiogenic daughter. If the proportion of parent to daughter
 isotopes in a substance is twenty-five to seventy-five, then two
 half-lives have passed since the substance formed.
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 note that one may not predict when any single
 parent atom will decay to a corresponding daughter
 atom. However, it is possible to determine from the
 decay constant λ the amount of time it takes for
 one-half of the original number of parent atoms to
 decay. The decay constant is related to the amount
 of time it takes for half of the population of radio-
active parent by the relationship T½ =   ln/λ or
 ./λ. The value T½ is known as the half-life of
 the radiogenic parent and represents a regularity
  of creation. 
 For example, radium (Ra) is a radioactive
 element with a decay constant of . × –/year,
 which means that for each year, on average ,
   
  Ra 
 atoms will decay out of an original popu-
lation of ten million radium atoms. The corre-
sponding half-life for radium is . years. If we
 started with ten million atoms of radium in a sub-
stance, after . years the substance would
 contain five million atoms of radium. The radio-
genic daughter of radium is radon.
 By  Rutherford recognized that these prin-
ciples could be used to determine the absolute age
 of any minerals containing radioactive elements. If
 we know the decay constant λ for the transfor-
mation and the ratio of radiogenic parent to radio-
genic daughter elements in a substance, we can
 determine how long the daughter elements have
 been accumulating in the substance.   The pro-
 7
 For this case, we assume that all the daughter elements were
 derived from the decay of the parent element and that no parent
 or daughter elements were added or lost by other processes from
 the beginning. The significance of this issue will be addressed
 later in this chapter.
 cesses resulting in radioactive decay are all ex-
amples of regularities that are part of creation's
 functional integrity (§ ..).
 ... Radioactive decay series.   Radioactive decay in-
volves spontaneous transformations in the nuclei of
 an unstable atom. Whole protons and neutrons are
 lost from the nucleus, or the proportion of protons
 and neutrons in the nucleus changes without af-
fecting the atomic mass number. With each decay
 event, particles are emitted from the nuclei along
 with gamma radiation and heat. Some transforma-
tions from radionuclide to stable radiogenic isotope
 occur in one step. Other transformations involve
 multiple steps as the parent radionuclide decays
 into a series of unstable daughter radionuclides
 until a stable radiogenic daughter isotope is created.
 Each intermediate transformation involves emis-
sions of particles and radiant energy from unstable
 radionuclides with unique decay constants. We will
 look briefly at different types of decay processes
 before exploring the more widely used decay series
 for dating geologic materials.
 Alpha decay   involves the emission of a particle
 consisting of two protons and two neutrons, re-
ducing the isotope's atomic mass number by four
 and its atomic number by two. For example,  U
 decays by alpha emission to form a radioisotope of
  thorium Th. 
 Three other decay processes involve transforma-
tions of protons or neutrons in the nucleus.   Negative
 beta decay   involves the emission of a negatively
 charged beta particle, essentially an electron, from
 Going Further: Radioactive Danger
 The element radon is a radioactive noble gas with a half-life of only . days. Readers are probably already aware that
 exposure to radioactivity has harmful effects, such as burning, genetic mutations, and cancer. Indeed, inhaled radon
 gas can be dangerous, so the accumulation of radon in dwellings is tested in parts of the country where bedrock is
 known to contain radon-producing elements. Marie Curie died from leukemia in  after a lifetime of extreme expo-
sure to radon and other radioactive elements.
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 the nucleus after a neutron changes into a proton.
 Our  Th  from the above example is an unstable
 radionuclide that decays by negative beta emission
 to an isotope of protactinium  Pa. Note that the
 atomic mass numbers of the parent and daughter
 isotopes are the same, but the gain of a proton in the
 nucleus results in a new element and increase in
 atomic number by one.   Positive beta decay   involves
 the emission of a positively charged beta particle
 from the nucleus after a proton changes into a
 neutron.   Electron capture   involves the capture of an
 electron to transform a proton into a neutron,
 thereby decreasing its atomic number by one, such
 as in the decay of potassium  K  to argon  Ar.
 Some radionuclides are capable of more than one
 form of decay, including  K, which also decays to
 calcium  Ca  by negative beta emission.
 8
 To be more precise,   K  can decay to    Ar  by both electron
 capture and positive beta emission, and to   Ca  by negative
 beta emission. Only . percent of   K  decays to    Ar.
 Decay series describe all of the transforma-
tions that occur between the parent radionuclide
 and stable daughter radiogenic nuclide. The
 decay of  K  to  Ar  occurs in one step, because
 the latter is a stable radiogenic nuclide.  U
 decays to  Th, but we have seen that the
 daughter is also an unstable radionuclide that
 decays to  Pa, and it turns out that several
 more decay steps occur until the series ends with
 the stable daughter radiogenic isotope lead
   
  Pb 
 (fig. .). Another isotope of uranium, 
   
 U
   
 , decays by multiple steps to another stable
 daughter radiogenic isotope of lead,  Pb.
 Decay constants and half-lives have been deter-
mined for series with single and multiple steps
 (table .). Even with half-lives of millions or bil- 
lions of years, it is not necessary to wait an entire
 half-life to accurately determine the radioiso-
tope's decay constant (see § .).
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 Figure ..   Decay steps for the series   U to  Pb. Note the combination of alpha and negative beta emissions of the intermediate radionuclides.
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  15.3. ISOTOPES IN 
  GEOLOGICAL MATERIALS 
 The radionuclides measured in rocks, minerals, or
 ancient fragments of wood and bone to determine
 their age are generally not the most abundant ele-
ments in the material. The mineral zircon (ZrSiO)
 is commonly sampled for radiometric dating using
 uranium-lead and thorium-lead methods.
 Uranium and thorium are not in the chemical
 formula for zircon, because they occur as trace ele-
ments, substituting for the element zirconium in
 the mineral crystal structure, accounting for only
 ten parts per million to  percent by weight of the
 mineral. Zircon is not abundant in the earth's crust
 but is common in most granites and can be con-
centrated in ore deposits. Stable  Rb and radionu-
clide  Rb are isotopes that substitute for potassium
 in rock-forming minerals such as feldspar
 (KAlSiO) and micas, leading to widespread use of
 the Rb-Sr method for these minerals. The K-Ar
 method is widely used because of the inclusion of
 potassium in so many rock-forming minerals.
 The radiometric clock starts when the mineral
 forms, such as when magma or lava solidifies, and
 daughter isotopes begin to collect in the mineral
 as their parent isotopes decay.   Blocking temper-
ature   is the temperature at which atoms in a
 mineral crystal structure are “locked in.” Above
 their blocking temperature for a particular
 mineral, isotopes may diffuse (leak) out of the
 crystal structure. This is particularly true for  Ar,
 an inert gas incapable of chemical bonds with
 other elements. If this happens after the original
 crystallization of the rock, such as during meta-
morphism, any date will be necessarily younger
 than when crystallization actually occurred be-
cause daughter isotopes were lost.
 ... Measuring isotope compositions.   Counting the
 numbers of atoms of various elements in a sub-
stance can be accomplished by different methods
 and instruments found in a well-equipped chem-
istry laboratory. For radiometric dating, it is nec-
essary to account for very slight differences in
 atomic mass between isotopes of the same ele-
ments and different elements. The method of mass
 spectrometry is used in radiometric dating be-
cause the results involve measuring the relative
 masses of isotopes in the substance, which directly
 reflect the proportions of parent and daughter iso-
topes. A mass spectrometer is an instrument that
 produces a beam composed of electrically charged
 isotopes that were extracted from the substance.
 The beam travels down a curved tube under a
 vacuum. An electromagnet positioned along the
 tube creates a magnetic field that deflects and sorts
 Table ..   Decay series and half-lives used in radiometric dating.
  Parent Radionuclide 
  Samarium 147Sm 
  Daughter Radiogenic Nuclide 
  Neodymium 143Nd 
  Half-Life (Years) 
  106 billion 
  Effective Dating Range 
  (Years) 
  100 million 
  Rubidium 87Rb 
  Strontium 87Sr 
  48.8 billion 
 >
  10 million 
  Rhenium 187Re 
  Osmium 187Os 
  43 billion 
 >
  100 million 
  Lutetium 176Lu 
  Hafnium 176Hf 
  35.9 billion 
 >
  200 million 
  Thorium 232Th 
  Lead 208Pb 
  14 billion 
 >
  10 million 
  Uranium 238U 
  Lead 206Pb 
  4.47 billion 
 >
  10 million 
  Potassium 40K 
  Argon 40Ar 
  1.25 billion 
 >
  10,000 
  Uranium 235U 
  Lead 207Pb 
  704 million 
 >
  10 million 
  Carbon 14C 
  Nitrogen 14N 
  5,730 
  100–80,000 
 Source:   G. Brent Dalrymple,   The Age of the Earth   (Stanford, CA: Stanford University Press, 1991), 80.
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 the isotopes into separate streams according to
 their atomic masses (with heavier isotopes being
 deflected from the straight-line path down the
 tube less than lighter isotopes). The collector at the
 end of the tube counts the numbers of isotopes
 along the different streams and produces a
 spectrum of values for each isotope. These values
 are used in equations to determine the age of the
 sample from the ratios of parent to daughter iso-
topes and their decay constant.
 Radiometric dates derived by mass spec-
trometry are reported with a standard error that
 reflects the probable limits within which the re-
sults are repeatable. For example, a date derived
 from the Rb-Sr method on granite in the Grand
 Canyon is reported as , million ±  million
 years. That means there is an acceptable level of
 confidence that the true date of the granite is be-
tween , and , million years. Depending on
 the decay series employed for dating and the in-
strument's sensitivity, this analytical error can
 range from . to . percent of the reported date.
 Radiometric dates for individual samples should
 always be reported with standard errors.
 British geologist Arthur Holmes championed
 the use of radiometric dating as early as  in his
 book   The Age of the Earth. Earlier he had obtained
 an age of  Ma for a Devonian rock from Norway
 (we know now that this date reasonably falls within
 the Devonian Period of  Ma to  Ma). At the
 time, he suggested that the oldest Archean rocks
 could be as old as  Ma. Over the next century,
 refined methods (many anticipated by Holmes) ex-
panded the geologic timescale. Table .  contains 
 examples of radiometric dates measured from
 various terrestrial and extraterrestrial geological
 materials. Ages for the eons, eras, and periods of
 the geologic timescale are given in figure .. 
  15.4. TESTING THE VALIDITY 
  OF RADIOMETRIC DATING 
 Determining decay constants for radionuclides is a
 very labor-intensive and time-consuming exercise.
 The first step is preparing a very pure substance
 containing a high concentration of the radionuclide.
 One method is to monitor the rate of decay over
 many months or years by detectors, such as a Geiger
 counter (each click representing a decay event). The
 changing rate of decay over the course of the ex-
periment is used to calculate the decay constant.
 Another method is to measure the amount of ac-
cumulated daughter isotopes in the purified sub-
stance after the passage of time. A recent test for the
 Rb-Sr decay constant involved making a pure batch
 of RbClO  and measuring the change in  Rb:Sr in
 the substance after thirty years.   Improved in-
strument sensitivity over the decades has resulted
 in more precise decay constant values for the decay
 series used in radiometric dating. Decay constants
 are a regularity of creation, as there is no evidence
 that they have changed since they were first mea-
sured over one hundred years ago.
 Attempts have been made to determine condi-
tions that might affect decay constants, such as
 extreme temperature, pressure, chemical reactions,
 electrical energy, and magnetic fields.   Less than
 . percent of variation has been observed for
 some radionuclides (and not more than . percent
 for a few). Alpha decay is more robust because its
 activity occurs within the nucleus, protected by the
 great distance between it and the surrounding
 clouds of electrons. Electron-capture decay ap-
pears to be slightly more vulnerable to those small
 variations because the decay process involves in-
teractions between the nucleus and the electrons
 orbiting closest to the nucleus. Only nuclear re-
actors and particle accelerators generate the ex-
traordinary amount of energy required to alter
 9
 Ethan Rotenberg et al., “Determination of the Decay-Constant
 of  Rb by Laboratory Accumulation of  Sr,”    Geochimica et Cos-
mochimica Acta    (): -.
  10 
 See discussions of decay constant stability in Davis A. Young and
 Ralph F. Stearley,   The Bible, Rocks and Time: Geological Evidence
 for the Age of the Earth   (Downers Grove, IL: InterVarsity Press,
 ), -; and G. Brent Dalrymple,   Ancient Earth, Ancient
 Skies: The Age of the Earth and Its Cosmic Surroundings   (Stan-
ford, CA: Stanford University Press, ), -.
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 Table ..   Examples of ages measured from a variety of geological and organic materials. These represent single measurements that are concordant
 with other measurements or age ranges from multiple measurements of the same material. A variety of methods are included, with some listings
 showing concordance between ages using different methods.
  Geological Material 
  Meteoritesa 
  Age 
 4.55 ± 0.07 Ga
 4.52 ± 0.03 Ga
  Comments 
  Pb-Pb 
  Rb-Sr 
 Oldest lunar highland crusta
 4.46 ± 0.04 Ga
 Nd-Sm. Norite collected by Apollo 15 is one
 of the oldest collected
  Oldest Earth minerala 
 4.374 ± 0.006 Ga
 U-Pb. Zircon from metamorphosed
 sandstone conglomerate, Jack Hills,
  Australia 
 Mudstone at Gale Crater, Marsb
 4.21 ± 0.35 Ga
 K-Ar using Curiosity Rover onboard
  spectrometer 
  Oldest Earth rocka 
 4.031 ± 0.003 Ga
 Pb-Pb, U-Pb. Acasta gneiss, Northwest
  Territories, Canada 
  Lunar mare crusta 
 3.57 ± 0.05 Ga
 Rb-Sr. Basalt collected by Apollo 11
 Grand Teton National Park meta-gabbroc
 2.85 ± 0.15 Ga
  Rb-Sr 
  Pike's Peak granited 
 1.085 ± 0.025 Ga
  U-Pb 
 Shenandoah National Park granitee
 1.060 ± 0.005 Ga
 Pb-Pb. Old Rag Granite
 Acadia National Park granitef
 419 ± 2 to 424 ± 2 Ma
 418 ± 5 Ma
  U-Pb 
 Ar-Ar. Cadillac Mountain granite
 Yosemite National Park graniteg
 102 ± 2 Ma
 U-Pb. El Capitan granite
  Devils Tower, Wyomingh 
 49.04 ± 0.16 Ma
  Ar-Ar. Phonolite 
  Columbia Plateau basalti 
 15.48 ± 0.22 Ma
 Ar-Ar. Grande Rhonde basalt lava flows
 Mauna Kea Volcano, Hawaiij
 375 ± 50 ka
 K-Ar. One of the oldest lava flows
 Oldest Mount St. Helens tephra (volcanic ash)k
 37.6 ± 1.3 ka
  14 
 C of charcoal enclosed in tephra
 Mastodon bone fragment, Glen Ellyn, Illinoisl
 11,700 ± 60 years
  14 
 C, uncalibrated (calibrated range 13,650 to
  13,450 years) 
 Charcoal from ancient Egyptian fort (occupied between
 approximately 1480 BC and 1150 BC)m
 3,090 ± 40 years
  14 
 C, uncalibrated (calibrated range
  1430–1270 BC) 
 a
  Source: 
  G. Brent Dalrymple, 
 Ancient Earth, Ancient Skies: The Age of the Earth and Its Cosmic Surroundings   (Stanford, CA: Stanford University Press, 2004).
 bSource:   K. A. Farley et al., “In Situ Radiometric and Exposure Age Dating of the Martian Surface,”Science   343 (2014): 1247166, pp. 1-5.
 c
  Source: 
 John C. Reed Jr. and R. E. Zartman, “Geochronology of Precambrian Rocks of the Teton Range, Wyoming,”Geological Society of American Bulletin   84 (1973): 561-82.
 d
  Source: 
 Diane R. Smith et al., “AReview of the Pikes Peak Batholith, Front Range, Central Colorado: Al‘Type Example'of A-Type Granitic Magmatism,”Rocky Mountain Geology   34 (1999):
  289-312. 
 e
  Source: 
 D. W. Rankin et al.,“Zircon Ages of Felsic Volcanic Rocks in the Upper Precambrian of the Blue Ridge, Appalachian Mountains,”Science   166 (1969): 741-44.
 f
  Source: 
 R. A. Wiebe et al., “Enclaves in the Cadillac Mountain Granite (Coastal Maine): Samples of Hybrid Magma from the Base of the Chamber,”Journal of Petrology   38 (1997): 393-423.
 gSource:   T. W. Stern et al.,“Isotopic U-Pb Ages of Zircons from the Granitoids of the Central Sierra Nevada, California,”United States Geological Survey Professional Paper   1185 (1981).
 h
  Source: 
 Genet I. Duke, Brad S. Singer, and Ed DeWitt, “40Ar/39
 Ar Laser Incremental-Heating Ages of Devils Tower and Paleocene-Eocene Intrusions of the Northern Black Hills, South Dakota
 and Wyoming,”   Geological Society of America Abstracts with Programs   34, no. 6 (2002): 473.
 iSource:   T. L. Barry et al.,“New 40Ar/39Ar Dating of the Grande Ronde Lavas, Columbia River Basalts, USA: Implications for Duration of Flood Basalt Eruption Episodes,”   Lithos   118 (2010):
  213-22. 
 j
  Source: 
 Stephen C. Porter, Minze Stuvier, and I. C. Yang, “Chronology of Hawaiian Glaciations,”   Science   195 (1977): 61-63.
 kSource:   Donal R. Mullineaux, “Pre-1980 Tephra-Fall Deposits Erupted from Mount St. Helens, Washington,”   U.S. Geological Survey Professional Paper   1563 (1996).
 l
  Source: 
 Unpublished analysis, Wheaton College.
 m
  Source: 
 Unpublished analysis, Wheaton College.
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 atomic nuclei in a way that “overrides” the natural
 decay constant. Those conditions do not exist on
 Earth or any of the other planets but only existed
 in the very early universe. Dramatic changes in
 decay constants can also occur if all the electrons
 around an isotope are stripped away; even some
 stable isotopes can become radioactive this way.
 This can be facilitated in the laboratory, but such
 conditions occur naturally only deep within stars.
 But what if the decay constants have changed
 over longer periods of time? Proponents of a recent
 creation suggest that if decay constants were
 “faster” in the past, a rock dated millions of years
 old may be only thousands of years old. There are
 several lines of evidence to support the validity of
 unchanging decay constants. Changing rates of
 radioactive decay would correspond with changes
 in basic nuclear physics and the nature of the uni-
verse as we know it. That is, decay constants are
 integral to how the universe works; they are part of
 the creation's functional integrity. The impact on
 the universe by changing decay constants would be
 like changing other constants in physics, such as
 the gravitational constant that describes the at-
traction of masses or the speed of light. In fact,
 radioactive-decay constants are based on other
 nuclear constants. Stars we observe exhibit the
 same nuclear processes as our Sun, providing in-
direct yet substantial evidence that radioactive-
decay constants have not changed over the hun-
dreds of millions to billions of years it takes for
 their light to reach us.
 The idea of changing decay rates does not address
 the problem of heat released during radioactive
 decay. Each decay event releases heat as the emis-
sions excite the energy levels of the isotopes. Of the
 thirty-one trillion watts (or  terawatts) of heat
 flowing out of the Earth, at least  percent of that
 heat is derived from the ongoing decay of  U,  Th,
 and  K.   This figure was originally based on esti-
  11 
 A. M. Hofmeister and R. E. Criss, “Earth's Heat Flux Revised
 and Linked to Chemistry,”   Tectonophysics    (): -.
 mates of the abundances of those radionuclides in
 the crust and mantle. A recent experiment designed
 to capture antineutrinos generated by decay within
 the Earth (called   geoneutrinos) verified and more
 precisely quantified the contribution of heat from
 these radionuclides: twenty terawatts are contributed
 by the decay of  U and  Th.   Heat flow from the
 Earth is consistent with its age of . billion years. If
 decay rates were faster in the past and the Earth is
 really only thousands of years old, as claimed by
 recent-creation advocates, then too much heat would
 have been generated by all of the radioactive decay in
 such a short period of time—enough heat to keep
 the Earth in a completely molten state.   Furthermore,
 the radioactivity generated by accelerated decay early
 in the creation week or before the flood of Noah (ac-
cording to various the YEC scenarios) would have
 been deadly to life on Earth.
 Radiometric dating would be very suspect if
 there were only one method or if multiple methods
 produced divergent dates. One of the most intensely
 studied (and oldest) rocks on Earth is Amitsoq
 gneiss from western Greenland, which has been
 dated by five different methods (table .). It 
 would be impossible for the dates to be as con-
cordant as they are if decay constants for each of the
 five series changed since the rock formed. Amitsoq
 gneiss is a metamorphic rock that experienced tem-
peratures higher than the blocking temperature for
 many minerals. However, the blocking temperature
 of zircon used for uranium methods is greater than
 one thousand degrees Celsius (close to the rock
 melting temperature). Metamorphism may cause
 isotopes to diffuse from individual minerals, but
 they remain in the rock. So the Rb-Sr method
 works for whole-rock samples from metamor-
phosed rock such as Amitsoq gneiss. The date range
  12 
 T. Araki et al., “Experimental Investigation of Geologically
 Produced Antineutrinos with KamLAND,”   Nature    ():
  -. 
  13 
  Young and Stearley, 
 Bible, Rocks and Time
 , -. Aspects of
 the YEC critique of radiometric dating and the heat-problem
 of accelerated decay in Earth history are explored further in
 §
  ... 
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 of . to . Ga for Amitsoq gneiss may reflect the
 formation and metamorphic history of the rock
 over  million years, but clearly the different
 methods give consistent dates for such old rocks.
 Observations that date from multiple methods and
 are concordant support the assumption that decay
  rates are constant. 
 rocks is knowing not only the
 An implicit assumption for dating
 number of daughter atoms present at
 the time the date is measured (D) but
 that were in the mineral when it
 also the number of daughter atoms
 formed (D). Zircon is a very useful
 mineral for U-Th-Pb methods be-
cause its crystal structure tends to
 reject lead when it forms, so in this
 case D  = , and all the lead mea-
sured in the mineral accumulated by
 decay of uranium or thorium. But
 lead can be lost from the zircon over
 time due to metamorphism and weathering, pro-
viding a younger age than the actual age of the
 mineral. There is a way to test for that, called the
  concordia method. 
 Zircon contains  U and  U, providing two
 means of dating the same mineral. Concordia
 plots for U-Pb decay series show how the parent-
to-daughter ratios for  U:Pb and  U:Pb
 change over time in a closed system (no addition
 or loss of the isotopes in the rock other than by
 decay). U-Pb ratios from Moon rocks, which
 have not experienced metamorphism, fall very
 close to the concordia curve (fig. .). Many 
 older igneous Earth rocks have experienced
 some degree of metamorphism above blocking
 temperatures, resulting in a loss of radiogenic
 lead. For instance, volcanic rocks from separate
 locations exposed in the Appalachian Mountains
 in the southeast United States give discordant
 dates and plot along a straight line below the
 U-Pb concordia curve (fig. .). Field relation- 
ships and other geologic evidence indicate that
 they formed at about the same time before they
 were metamorphosed. Extrapolating the line to
 the right intersects the concordia curve at a rea-
sonable date for the time the igneous bodies
 formed (just over  Ma). Extrapolating the
  1.0 
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 Figure ..   U-Pb ratio results from Apollo  landing site lunar soil fragments and finds, showing
 concordant ages of between . to . Ga on a concordia plot. Numbers on the curve are ages in
 billions of years, indicating changing U-Pb ratios over time.
 Table ..   Geologic age of the Amitsoq gneiss by various radiometric
 dating methods. Each value represents analyses of between seven and
 twenty-five samples. Half-lives for these decay series are given in
 table ., except for Pb-Pb, which is a method using ratios of lead
 isotopes from different decay series.
  Method 
  U-Pb 
  Age (Billion Years) 
  3.60 ± 0.05 
  Pb-Pb 
  3.56 ± 0.10 
  Pb-Pb 
  3.74 ± 0.12 
  Pb-Pb 
  3.62 ± 0.13 
  Rb-Sr 
  3.64 ± 0.06 
  Rb-Sr 
  3.62 ± 0.14 
  Rb-Sr 
  3.67 ± 0.09 
  Rb-Sr 
  3.66 ± 0.10 
  Rb-Sr 
  3.61 ± 0.22 
  Rb-Sr 
  3.56 ± 0.14 
  Lu-HF 
  3.55 ± 0.22 
 Source:   G. Brent Dalrymple,   The Age of the Earth   (Stanford, CA: Stanford University Press,
  1991), 140-41. 
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 line to the left intersects the concordia curve at a
 reasonable date when the igneous bodies experi-
enced metamorphism (about  Ma).
 There is yet another method to determine a
 viable radiometric age and know the initial amount
 of daughter radiogenic isotope in the rock or
 mineral when it formed. Recall that some elements
 have isotopes that are both radiogenic (products of
 decay) and stable (never decay and are not
 products of decay). Strontium is an example, with
 stable  Sr and radiogenic  Sr of the  Rb-Sr
 decay series. Minerals precipitate out of fluids,
 which could be magma, groundwater, or seawater,
 that generally contain even mixtures of the stable
 and radiogenic isotopes of the same element.
 When minerals form, they will contain about the
 same mixture of those isotopes, which can be rep-
resented as a ratio (Sr:Sr, for instance). Atoms
 of the parent radionuclide in the fluid will also be
 incorporated into minerals in the rock when it
 forms. Over time the amount of
 daughter isotope in the minerals
 will increase exponentially with
 the decay of the parent isotope.
 The stable isotope of the same el-
ement as the daughter isotope in
 the mineral will not change. The
 isochron method   compares the
 amounts of the parent and
 daughter isotopes in the mineral
 relative to the amount of the
 stable isotope. For instance, when
 the mineral forms it will have
 some value of  Rb:Sr but the
 same value of  Sr:Sr as the fluid
 from which it formed. Each of
 these ratios will change over time,
 with  Rb:Sr decreasing in value
 and  Sr:Sr increasing in value.
 For this method, several minerals
 and even whole-rock samples are
 measured from the same rock and
 their  Rb:Sr and  Sr:Sr values are plotted on a
 graph (fig. .). The points on the graph fall along 
 a line that intercepts the initial  Sr:Sr, and the
 slope of the line reflects the age of the rock (the
 slope increases with time since the rock formed).
 Consider the isochron plot for Rb-Sr of basalt
 collected from the Moon, shown in figure .. The 
 date of . ± . Ga is derived from measuring
 the  Rb,  Sr, and  Sr composition from whole
 rock and three of the minerals—ilmenite, py-
roxene, and plagioclase—in the rock that contain
 those isotopes. Ilmenite contains much more  Rb
 than pyroxene and plagioclase, so it is not sur-
prising that whole-rock values are in the middle of
 the range of values.
 The bottom line is that all of our testing of ra-
diometric dating techniques is consistent with our
 understanding that radioactive-decay processes
 are expressions of creation's functional integrity.
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 Figure ..   Concordia plot for U-Pb ratios in Appalachian Mountain region rocks.
 Numbers on the curve are ages in millions of years, indicating changing ratios over time.
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  15.5. ULTIMATE AGE OF THE 
  EARTH AND SOLAR SYSTEM 
 The oldest rocks on the Earth and Moon are
 probably still younger that the actual “first rocks”
 that formed in their primitive crusts. Dynamic
 processes in the Earth's crust tend to recycle
 rocks. Impacts on the Moon's surface can reset
 radiometric clocks on the oldest crust. Mete-
orites probably provide the best source of unal-
tered rock from the formation of the solar
 system (chap. ). Standard radiometric dating 
 methods for meteorites yield ages that cluster
 between . and . Ga.
 An ingenious method using lead isotopes was
 applied to the question of the ultimate age of the
 solar system, of at least the period of time when
 solids first condensed out of the solar nebula.
 Two isotopes of lead, as we have seen, are radio-
genic daughter isotopes from the decay of
 uranium radionuclides:  U to  Pb and  U to
   
 Pb. The isotope  
 Pb is not the product of radio-
active decay. Lead contained in early solar-system
 condensates included all three isotopes, but over
 time the amount of  Pb in the material remained
 fixed, while the amounts of  Pb and  Pb grew
 from radioactive decay of parent uranium radio-
nuclides. For this method, ratios of  Pb/Pb
 and  Pb/Pb from meteorites are plotted on an
 isochron graph, which fall on a straight line with
 its origin at the most primitive values of each ratio.
 On this type of graph, the slope of the isochron
 becomes less steep with increasing age. Various
 studies using this approach have resulted in iso-
chron ages converging at . Ga.
  15.6. GEOLOGIC AGES OF 
  SEDIMENTARY ROCKS 
 Sedimentary rocks present a challenge for radio-
metric dating because the minerals in most sed-
imentary rocks generally come from older rocks
  14 
 C. C. Patterson, “The Age of Meteorites and the Earth,”   Geochi-
mica et Cosmochimica Acta    (): -.
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 Figure ..   Illustration of the isochron plot method using Rb-Sr as
 an example. When the minerals form from a fluid (at time t) they
 have the same   Sr:Sr values but different   Rb:Sr values and fall
 on a horizontal line. Over time the points move as the ratio values
 change due to   Rb to   Sr decay. When the rock is collected (at time
 tn+) and analyzed, the points fall on a straight line that intercepts
 the value of the initial   Sr:Sr of the samples: (Sr:Sr). The
 slope of the line reflects the age of the samples.
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 Figure ..   Rb-Sr isochron plot for a lunar basalt collected by the
  Apollo  crew. 
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 (recall the rock cycle, chap. ). Exceptions are 
 some chemical sedimentary rocks with minerals
 that precipitate out of seawater or groundwater,
 such as calcite in cave formations. Geologic ages
 of sedimentary rocks can be determined if they
 were covered by volcanic ash or lava flows. A
 limestone formation of Ordovician age in Ten-
nessee features two layers of ancient volcanic ash
 about four meters apart from each other (fig. 
  .). Ar-Ar ages from minerals in the vol- 
canic ash layers indicate ages of . ± . Ma
 and . ± . Ma.   The overlap in ages ac-
  15 
 Kyoungwon Min, Paul R. Renne, and Warren D. Huff, “Ar/Ar
 Dating of Ordovician K-bentonites in Laurentia and Baltoscan-
dia,”   Earth and Planetary Science Letters    (): -. The
  Ar/ 
 Ar method, not described in the text, compares the
 amount of  Ar in the sample that is derived from the decay of
   
 K with the amount of  
 Ar in the sample that is produced by
 bombarding the sample with neutrons in a nuclear reactor. The
 bombardment produces  Ar from all of the  K in the sample.
   
 Ar is not found in nature because it has a short half-life (
 years). The sample is heated in steps, with the relative amounts
 cording to their standard error means that the
 two dates may be closer together than . million
 years or further apart, but within the maximum
 range of the determined confidence intervals.
 Geologists had already determined decades ago
 that these rocks were deposited during the Or-
dovician period, based on their position in the
 regional stratigraphic sequence (principle of
 superposition, § ..) and their diagnostic
 fossil content (principle of fossil succession,
 §
 .).   The Ordovician Period occurred between
  and  Ma, based on studies of this system
 of  Ar and  Ar released by heating measured. If they are re-
leased in a constant proportion with each heating step, it means
 that the  Ar is from the decay of  K and there was no excess
   
 Ar in the rock when it formed. This is another test of the re-
quirement to know the original amount of daughter isotope in
 the material when it formed for a valid age.
  16 
 Stig M. Bergström et al., “The Greatest Volcanic Ash Falls in the
 Phanerozoic: Trans-Atlantic Relations of the Ordovician Mill-
brig and Kinnekulle K-Bentonites,”   The Sedimentary Record   ,
 no.  (): -.
 Figure ..   Two volcanic ash layers, the Deicke (Dk) and Millbrig (Mb) K-bentonites, found in Ordovician limestone strata exposed near Gladeville,
  Tennessee. 
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 of rocks around the world. This example illus-
trates how regional stratigraphic and paleonto-
logical studies that led to the geologic timescale
 (conducted since the dawn of geology, in the
 early nineteenth century) are confirmed and re-
fined by radiometric dating.
 Another example of dating sedimentary rocks
 involves the strata that accumulated in the East
 African Rift. The rocks are of particular interest
 because they contain hominin fossils such as
 Homo habilis,   Homo erectus,   Homo rudolfensis, and
 Paranthropus boisei (chap. ). It would be impos- 
sible to date the fossilized bones of these creatures,
 but fortunately for physical anthropologists, they
 lived in a land of active volcanism. Within the five-
hundred-meter sequence of mostly sandstone and
 mudstone are several layers of datable volcanic ash
 and lava flows (fig. .). K-Ar and Ar-Ar ages for 
 the layers are concordant, showing progressive de-
crease in age from bottom to top of the sequence.
 We will revisit the creatures that inhabited this
 region of Earth in part six.
  15.7. CARBON-14 
 Solid organic materials, such as bone, wood, or
 charcoal younger than about eighty thousand
 years, can be dated by the radiocarbon (C)
 method. The decay sequence is somewhat different
 from other series we have explored, involving the
 transformation of atmospheric stable  N into un-
stable  C and then the decay of  C back into  N.
 Here is each step in the cycle:
 1. Cosmic rays bombarding gases in the upper
 atmosphere liberate free neutrons. If a neutron
 collides with a  14N nucleus, the nucleus cap-
tures the neutron and expels a proton, creating
  14 
  C. Since 14 
 N is the most abundant isotope in
 the atmosphere, a significant quantity of  14C is
  always being produced. 
 2. The  14C combines with atmospheric oxygen to
 form  14CO2  that mixes with the more abundant
  12 
  CO2 
  (there is 13CO2 
 in the atmosphere as
 well). The various species of CO2  are incorpo-
rated into the biosphere through photosyn-
thesis and the food web. Organisms take up  12C
 and  14C into their tissue in equilibrium with
  12 
  C:14 
 C composition of the atmosphere.
  3. 
  14 
 C decays by negative beta emission to form
  14 
 N, with a half-life of 5,730 ± 30 years. After
 the organism dies,  14C will decay, changing the
 ratio of its  12C:14C over time.
 Two methods are employed for measuring ra-
diocarbon ages. Beta decay rates from a sample
 can be counted and compared to decay rates from
 contemporary organic material. Another method,
 especially used for very small samples, employs a
 mass spectrometer to measure the amounts of  C
 and  C in the material. Corrections are made to
 all measured radiocarbon dates because the rate
 of  C production in the upper atmosphere is not
 constant. This is evident by obtaining radio-
carbon dates from successive rings in very old
  Silbo Tuff 
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 Figure ..   Five-hundred-meter stratigraphic column from the East African
 Rift showing relative position of hominin fossils and datable volcanic ash-tuff
 layers (black in the column).
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 trees (bristlecone pines are known to live for
 thousands of years). For instance, a two-
thousand-year-old tree ring might yield a mea-
sured age of , ± . Sampling of tree rings,
 coral annual growth layers, lake varves, and cave
 speleothems has led to a calibration curve for
 measured radiocarbon dates extending thou-
sands of years before the present. Use of the cali-
bration is demonstrated by a bone sample from a
 mastodon discovered near Chicago in  (see
  fig. .). The measured radiocarbon date of 
 , ±  intercepts the calibration curve at
 , years BP (before present).
 A powerful illustration of the integrity of ra-
diocarbon dating is found in a data set com-
bining radiocarbon measurements from tree
 rings and lake-varve sediment (fig. .). Lake 
 varves are layers of sediment deposited with
 regularity, each varve representing one year of
 accumulation. In many lakes in temperate cli-
  17 
 For all reported radiocarbon results, BP (before present) really
 means before . That's because it would be hard to compare
 published dates measured in different years if there were not
 some standard date. Published dates began to appear in the
 middle of the twentieth century.
 mates, each varve has a “two-tone”
 color scheme: a light clay rich layer
 and a dark organic rich layer (rep-
resenting autumn accumulation of
 organic debris). Radiocarbon dates
 are measured from the dark, or-
ganic rich layers. Tree rings take us
 back about twelve thousand years—
 not because individual trees are
 that old, but rings from ancient
 timbers can extend the record that
 far back in time (a study called
  dendrochronology). Lake varves 
 can reflect continuous sedimen-
tation for tens of thousands of
 years, such as the fifty-thousand-
year record at Lake Suigetsu in
 Japan. Figure .  shows a plot of 
   
 C content (not the ages) for each ring or varve
 versus the count number for each ring or varve
 (representing successive years). The nearly
 straight-line fit of the data points reflects the
 regularity of the  C decay process over time, or
 the consistency of its decay constant. If the decay
 constant were faster or slower at any time in the
 past fifty thousand years, it would be reflected in
 this curve, but that is not evident. This is an el-
egant and practical example of how creation's
 functional integrity allows scientists to accu-
rately determine the ages of organic material.
  15.8. OTHER METHODS FOR 
  MEASURING GEOLOGIC AGES 
 Scientists have developed other methods for mea-
suring the ages of rocks and organic materials that
 are independent of radioactive decay and half-
lives. These are widely used in geological and ar-
chaeological studies (table .). 
 As we saw in part two with astronomy, geolo-
gists make use of multiple dating methods that
 are independent of one another. Early attempts
 at determining the age of the Earth were based on
 Figure ..   Plot of measured   C from tree rings and lake varves versus their count.
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 estimating durations of Earth processes, such as
 the time that might be required for sedimentary
 rock to accumulate, the time it took for the sea to
 reach its present salinity, or the time it took the
 Earth to cool to its present condition. The dis-
covery of radioactivity led to methods for deter-
mining the ages of individual minerals, rocks, and
 fossilized organic material. These methods
 depend on the consistency of their decay con-
stants, which are confirmed to be valid and con-
stant because of the concordance of ages for the
 same material by different methods and consider-
ation of how much heat would have been released
 in the Earth if decay constants were faster in the
 past. Mass spectrometers are effective at mea-
suring the ratios of parent-to-daughter isotopes in
 a specimen but do not distinguish daughter iso-
topes in the rocks from radioactive decay from
 daughter isotopes that may have been in the
 sample when it formed. However, the isochron
 method of plotting radiogenic and stable isotopes
 in a sample provides a solution to its initial iso-
topic composition. Concordia methods are useful
 in determining reasonable ages from sets of
 samples that have lost daughter isotopes due to
 diffusion from the minerals over time, mostly due
 to metamorphism. The ages of sedimentary rocks
 can be determined if they are interbedded with
 Table ..   Descriptions of some alternative methods for dating geological and biological materials (k= thousand, M= million).
  Method 
  Description 
  Effective Age Range 
  Cosmogenic Nuclides 
 High-energy cosmic rays bombard the surfaces of exposed rock, causing the
 nuclei of atoms at and just beneath the surface to change into different
 isotopes that accumulate over the time of exposure. The process of change is
 called   spallation. The method involves measuring the ratios of these isotopes to
 other isotopes in the rock to determine the duration of exposure. Used for
 dating the age of glacial landforms, ice-sheet thinning, and exposure time of
  other objects. 
 1 ka–10 Ma depending on
  the isotope used 
  Thermally and Optically 
  Stimulated Luminescence 
  (TSL and OSL) 
 Radioactive elements in sediment produce ionizing radiation that displaces
 electrons from crystal structures and traps them in structural flaws. Heating or
 infrared light stimulation releases the electrons, which emit photons as they
 return to their original positions in the atom. Intensity of the emitted light is
 proportional to the amount and time of accumulated change. TSL is used for
 dating time of pottery firing. Exposure to sunlight resets the displaced
 electrons. Sand that is buried after exposure to sunlight begins to accumulate
 the electrons from renewed exposure to ionizing radiation. OSL is used for
 dating sandy deposits containing quartz and feldspar.
 <
  300 ka 
  Electron Spin Resonance 
  (ESR) 
 Radioactive elements in sediment produce ionizing radiation that displaces
 electrons from crystal structures and traps them in structural flaws. This process
 changes the magnetic field of the atoms in a progressive and time-predictable
  manner. 
 1 ka–3 Ma 
  Paleomagnetics 
 Atoms in minerals preserve directions in the Earth's magnetic field at the time
 of formation. A record of magnetic reversals and changing declination and
 intensity of the field has been established measuring the magnetism of
 successive lava flows and from artifacts, such as clay pottery of known dates.
 Used for dating hearths and earth ovens as well as terrestrial and marine
  volcanic rocks. 
 hundreds of years and older
  Amino Acid Racemization 
 After death, the amino acids in tissue transform from L (left) to D (right)
 configurations. D/L values are related to the age of the material, such as bone,
 shells, eggshells, but highly dependent on temperature.
 <
  200 ka 
  Fission Tracks 
 Alpha decay of   238U produces microscopic damage tracks in surrounding
 minerals and volcanic glass. Age proportional to numbers of tracks counted
  in specimen. 
 Decades to billions of years
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 datable volcanic ash or lava flows. Because of the
 long half-lives of most decay series used in radio-
metric dating, these methods are mostly only ap-
plied to rocks older than one million years.
 However, the  C method, with a half-life of ,,
 is useful for dating organic carbon-based mate-
rials, such as bone and wood, as old as eighty
 thousand years. Other methods are emerging to
 supplement radiometric dating and fill gaps in its
 capacity to provide absolute dates, providing a
 more comprehensive understanding of the past.
 The agreement of all these different methods
 where they overlap in their range of applicability
 gives geologists a high degree of confidence in
 their dating of rocks, fossils, and the geologic
 column (similar to the high degree of confidence
 astronomers gain from multiple independent
 overlapping distance measurements, discussed in
 §
 .). This vast concordance among different
 dating techniques illustrates how well ordered
 creation is and the stability of that order. Geolo-
gists have been able develop a very good working
 knowledge of Earth's properties and processes
 using these methods. The links between dating
 methods and geological processes are demon-
strated in amazing and spectacular ways by the
 dynamic behavior of the Earth's crust, which we
 will explore in the next chapter.
[image: ]
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  PLATE TECTONICS: A THEORY FOR 
  HOW THE EARTH WORKS 
  THIS CHAPTER COVERS: 
 Descriptions of the Earth's internal
 composition: crust, mantle, and core
 Rocks and the structure of ocean and
  continental crust 
 Evidence for the unifying theory of plate
  tectonics 
 This chapter presents an overview of the unifying
 theory of plate tectonics, which is essential to our
 understanding of how the Earth works. Like other
 scientific theories, plate tectonics is based on obser-
vations of factual phenomena (they are observed as
 they happen). Recall our generic definition of a sci-
entific theory as a “systematic body of knowledge
 (facts, premises, hypotheses, etc.) used for under-
standing some domain of the natural world”
 (§ .., “Going Further: Misunderstood Scientific
 Terms”). Plate tectonics is a good example of in-
ference to the best explanation. Many Earth pro-
cesses happen deep below the surface and out of
 sight; they must be inferred from indirect methods
 of measurement and visualization. Other processes
 may be inferred by conducting laboratory experi-
ments to simulate deep-earth conditions. Some
 processes, such as mountain building and deep-sea
 sedimentation, are so slow that we are observing
 only an instant of the whole process that is inferred
 to continue over countless years. Other processes
 are more readily observed, such as earthquakes re-
sulting from the buildup of directed stresses in the
 crust. However, understanding how the stresses are
 created and where earthquakes occur involves in-
ference and sophisticated theorizing from the
 available, but incomplete, set of facts.
 How does a theoretical understanding of how
 the Earth works advance our knowledge of the-
ories of origins? We could apply the same question
 to a study of the human body. Based on our basic
 understanding of how bodies work, we can begin
 to recognize how each body contains a record of its
 history. Bones and teeth contain a record of nu-
trition, hygiene, disease, and even accidents that
 can be inferred from their condition and chem-
istry. Genetic records in each cell contain a record
 of ancestry. Similarly, the Earth contains a record
 of its own history, even reaching back before its
 formation in the solar system (chap. ). 
 Many geological origins questions can be ex-
plored with plate tectonics theory, questions such
 as: How do continents and ocean basins form? Why
 are there mountains, and why are there mountain
 belts in particular places on the continents? What
 geologic processes create natural resources such as
 oil and metal ores? Indeed, applying plate-tectonic
 processes in the interpretation of Earth history is a
 theoretical exercise.   Our concerns about geological
 origins are not as wide ranging as would be covered
 in textbooks devoted to physical and historical ge-
ology. However, as we look at the makeup of the
 Earth's crust, plate tectonics provides a framework
 1
 Recall our discussion of how theory and fact are used by scien-
tists (§   .., “Going Further: Misunderstood Scientific Terms”).
 Even though plate tectonics is a theory, as is Big Bang cosmol-
ogy, scientists can use the theory to understand how the Earth
 works because it is a systematic body of knowledge.
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 for understanding how it was made and timespans
 of formation. Finally, learning about how the
 theory of plate tectonics was developed is a case
 study in how science works.
 To understand plate tectonics we first have to
 understand the layered composition of the Earth, in
 particular its crust, in more detail.   The layers de-
scribed below all resulted from the many geological
 regularities discussed in the previous chapters,
 giving us concrete examples of creation's functional
 integrity at work (§ ..).
  16.1. LAYERED EARTH 
 As described in chapter eleven, the interior of the 
 earth is made of layers of different kinds of solid
 and molten rock. The thickness and composition
 2
 Rocks mentioned in this chapter are described in the illustrated
 glossary in   §   ..
 of the layers were determined from the
 study of seismic (acoustic) waves orig-
inating from earthquakes and nuclear
 explosions, and inference from the
 composition of meteorites. Earth's
 layers are similar to a hard-boiled egg
 (fig. .). The brittle outer shell of the 
 Earth is the   lithosphere, which is
 – kilometers thick beneath the
 ocean basins and – kilometers
 thick beneath the surface of continents.
 The lithosphere is made of solid rock
 of various compositions. The upper
 portion of the lithosphere, composed of
 rocks that are exposed at the surface, is
 called the   crust. The egg-white portion
 of the earth's interior is a layer ,
 kilometers (, miles) thick, composed
 mostly of dense iron- and magnesium-
rich silicate rocks called the   mantle.
 The egg yolk at the center of the earth
 is the   core, an even denser layer of
 about , kilometers (, miles)
 in radius. It is composed mostly of iron and
 nickel. The outer portion of the core is a metallic
 liquid about ten times denser than water at the
  Earth's surface. 
  16.2. CRUST 
 Geologists have learned that there are predictable
 trends in the distribution of different rocks in the
 crust. The crust beneath continents is fundamen-
tally different from the crust beneath the ocean
 basins. Continental crust is largely composed of
 the igneous rock granite. Ocean crust is largely
 composed of the igneous rock basalt. Rock compo-
sition is only one of the many differences between
 ocean and continental crusts (fig. .). 
 Geologists group igneous rocks that make up
 the crust and mantle by their chemistry and
 texture (table .). Mantle rocks are ultramafic 
 and feature low silicon dioxide (SiO) and higher
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 Figure ..   Names and physical properties of Earth's internal layers are illustrated in this
  cross-sectional slice. 
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 iron, magnesium, and calcium
 composition relative to crustal
 rocks. Basalt and gabbro of the
 ocean crust are   mafic   rocks, con-
taining slightly more SiO  and
 slightly less iron magnesium and
 calcium than ultramafic rocks.
 Granite and rhyolite of the conti-
nental crust are   felsic   rocks, con-
taining less iron, magnesium, and
 calcium, and more SiO, potassium,
 sodium, and dissolved water in
 their magmas relative to mafic
 rocks.   Transitional   rocks such as
 andesite and diorite have prop-
erties that fall between mafic and
 felsic rocks. Crystal size is generally
 a function of cooling history of the
 igneous rock. Coarse crystals form
 when magmas cool slowly beneath
 the Earth's surface. Fine crystals
 (often invisible to the naked eye)
 form when crystals form quickly,
 as during eruptions of lava or in-
trusions of magma close to the
 surface (where subsurface temperatures are cooler
 than deeper in the crust).
 ... Continental crust.   All continents share charac-
teristic rocks and structures, and many share
 similar histories of formation. Continental crust
 ranges from twenty-five to seventy kilometers
 thick, being thickest beneath mountain ranges.
 Most of the continental crust by volume is com-
posed of granite, granodiorite, gneiss, and other
 metamorphic rocks. The average density of conti-
nents is close to the density of granite (about . g/
 cm; the density of liquid water is about  g/cm, by
  Sea Level 
  MOHO 
 U
 P
 P
 E
 R
 M
 A
 N
 T
 L
 E
 ?
  Sedimentary Rocks 
  Continental Basement 
  Oceanic Basement 
  WATER 
  Sedimentary 
  Cover 
  (0-6 km thick) 
  Basalt 
  Intrusions 
  Gabbro 
  MOHO 
  Pillow Basalts 
  Sedimentary 
  Cover 
  (0-11 km thick) 
 0 km 
 0 km 
 -
 8 km 
 -
  60 km 
  Basement 
  Complex 
  of Granite 
  and Gneiss 
  CONTINENTAL CRUST 
  OCEANIC CRUST 
 Figure ..   Cross section of idealized continental and ocean crust with columns showing composition
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 Table ..   Igneous rock classification and properties. Photographs of these rocks are included in section ...
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 comparison).   As we will see, continents grow over
 time by the addition of material, by various means,
 around their margins. So the oldest rock in a con-
tinent tends to be exposed more broadly in the
 interior of the continent. Geologists refer to the
 most ancient core or nucleus of the continent as
 the   craton, being made of igneous and meta-
morphic rocks. A   shield   is a broad region of ex-
posed craton. Regions where the craton rocks are
 covered by younger, undeformed sedimentary
 rocks are called   platforms. Geologists refer to the
 buried granites and metamorphic rocks as the
 basement   beneath the sedimentary cover. Moun-
tainous areas of deformed sedimentary rock with
 associated exposures of uplifted igneous and meta-
morphic cratonic rocks are called   orogenic belts.
 North America is a typical continent (fig. ., 
 top). The Canadian Shield is a vast lowland of ex-
posed granite and metamorphic rocks at the center
 of the continent. The middle portion of the United
 States and western Canada, comprising the
 platform, is characterized by nearly flat-lying sedi-
mentary strata that cover the igneous and meta-
morphic basement. The Appalachian and Cordil-
leran orogenic belts enclose the platform and
 shield of the North American craton. Sediments
 eroded off the orogenic belts are deposited on the
 coastal plain and continental shelf.
 The oldest continental crust rocks are metamor-
phosed granites (gneiss) found in shield regions,
 with measured radiometric ages between . and
 . Ga, being older toward the center of continents
 (fig. ., bottom). Granites formed from magmas 
 that were generated from the melting of older
 rocks. Granite magma was repeatedly recycled and
 intruded into lower continental crust, adding to
 the volume of continental crust over time.
 Sedimentary rocks that are in platform and
 orogenic-belt settings are generally younger than
  Ma and mostly deposited underwater. Many
 3
 The density of liquid water is temperature dependent, varying
 from  g/cm   at .˚ Celsius to . at its boiling point.
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 of the layers of strata contain fossils that are
 similar to modern animals and plants in marine
 environments (but all of the fossils are extinct
 species). Rocks with fossils found on high moun-
tains (even on Mount Everest) were lifted thou-
sands of meters above sea level during episodes of
 mountain building, long after they were deposited
 and buried. Indeed, these rocks show evidence of
 deformation (faults and folds) that accompany
 mountain building. But the flat-lying strata of the
 craton platforms have not experienced much de-
formation. This indicates to geologists that sea
 level was higher in the past or that parts of the
 continents were lower in the past, allowing sea-
water to cover them.
 Continental crust has the ability to “sink” in
 particular areas to allow for the accumulation of
 sediments when sea level is high. This sinking
 process is called   subsidence, which creates   basins
 where we fi nd thick accumulations of sedi-
mentary rock (fig. .). The process is something 
 like stacking books on a mattress, which de-
presses around the area where the books are
 stacked. When mountains are forming along the
 margin of a continent, the extra thickness of the
 crust beneath the mountain belt causes the crust
 landward of the belt to become depressed. Sed-
iment eroded from the rising mountain chain can
 fill the depression, and if the basin is low enough
 it can be flooded by seawater. Ancient sedi-
mentary basins along the interior margins of the
 Appalachian and Rocky Mountains formed in this
 way. This is the case today for sediment accumu-
lation in the Adriatic Sea between the moun-
tainous Italian peninsula and Croatia and in the
 Arabian Gulf between the Zagros Mountains of
 Iran and the desert plains of Arabia. Cooling crust
 in the interior of a continent tends to sink,
 forming circular to oval basins, such as the an-
cient Illinois and Michigan Basins. The Chad
 Basin in central Africa is an example of an active
  interior basin. 
 The shoreline of a continent is not the boundary
 between continental and oceanic crust. In fact, con-
tinental crust extends out beneath the continental
 shelf and slope, together called the   continental
 margin. The average continental margin is about
 one hundred kilometers wide but can range from
 ten to fifteen hundred kilometers wide. The deep
 crust beneath many wide continental margins is
 composed of typical igneous and metamorphic
 continental crust rocks that are a continuation of
 the basement rocks of the craton. Parallel faults
 break up the crust into tilted blocks. Layers of sedi-
mentary rock (sandstone, shale, and limestone)
 cover the faulted basement (fig. .). As revealed 
 by offshore drilling (mostly for oil exploration),
 sediments building continental shelves were de-
rived from erosion of sediment off the continent or
 from the accumulation of coral and other fossil
 shells living in the open, shallow sea. Most of the
 sediments were deposited in shallow water, indi-
cating fluctuating sea levels in the past with gradual
 subsidence of the continental margin. Sedimentary
 cover on the continental shelf of eastern North
 America and the Gulf Coast reaches twenty kilo-
meters in thickness. The oldest sedimentary rocks
 deposited on the faulted basement beneath the con-
tinental margin of North America were deposited
 during the Triassic Period (between  and 
 Ma; see fig. .). Volcanic basalt flows interbedded 
 with these sedimentary rocks give radiometric ages
 between  and  Ma.
 ... Ocean crust.   The deep-ocean floor has not
 been explored or sampled as substantially as the
 continents, so less is known about ocean crust.
 However, ocean drilling and geophysical studies
 have revealed its basic structure and composition.
 Ocean crust is five to ten kilometers thick and com-
posed mostly of basalt (fig. .). Evidence that 
 basalt on the seafloor formed by volcanic erup-
tions includes underwater flow features called
 pillow lavas. Beneath the pillow basalts are swarms
 of thick, intersecting, tabular intrusions of basalt
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 called   sheeted dikes. The lowest half of the ocean
 crust is composed of the rock gabbro, which has
 the same mineral composition as basalt but is
  coarsely crystalline. 
 Much of the ocean floor is covered by sediment
 derived from the erosion of continental rock, or
 from the accumulation of shells and skeletons of
 marine organisms. The cover of sediment and
 sedimentary rock in ocean crust is thickest at the
 base of the continental slope, where it covers the
  ocean-continent crust transition. 
 Maps of the deep-ocean floor reveal three im-
portant features that relate to the origin of ocean
 basins (fig. .). Most of the flatter regions of the 
 deep-ocean floor, lying close to the average ocean
 depth of . kilometers, are called   abyssal plains.
 Seamounts are submerged volcanic peaks that
 rise from the abyssal plains.   Midocean ridges   and
 rises   are continuous mountain belts that stretch
 beneath the ocean surface, generally near the
 center of ocean basins. Long, narrow ocean
 trenches   dropping to depths in excess of ten
 thousand meters are found along the margins of
 some ocean basins, most particularly around the
 Pacific Ocean rim. The cover of sediments and
 sedimentary rocks on ocean crust thickens away
 from midocean ridges, where pillow basalts are
 exposed on the seafloor.
  16.3. PLATE TECTONICS 
 The greatest advance in the geological sciences in
 the second half of the twentieth century was the
 formulation of the plate-tectonic theory. Plate tec-
tonics successfully explains the origin of conti-
nents, ocean basins, mountain belts, zones of vol-
canic and earthquake activity, and so much more.
 The basic idea of plate tectonics is that the litho-
sphere (the solid crust and upper mantle) is not a
 single, continuous layer forming the outer shell of
 the Earth. Rather, the lithosphere is composed of
 irregular plates, as if the outer shell of the Earth
 were cracked. Lithospheric plates are outlined by
 plate boundaries that correspond with the Earth's
 most active volcanic and earthquake zones (fig. 
  .). The plate boundaries can be seen on any 
 relief map of the world, following deep-ocean
 trenches, midocean ridges, major fault systems,
 and active mountain belts. These plates are not
 static but move relative to one another.
 ... Early evidence: Continental drift.   Plate tec-
tonics developed out of an earlier idea known as
 continental drift. Since maps were first made of the
 Atlantic Ocean, it was observed that the continents
 on either side could be made to fit together if cut
 out like pieces of a jigsaw puzzle. Alfred Wegener
 (–), a German scientist, championed
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 Figure ..   Top: Physical relief map of the continents and ocean basins. Above: Cross section showing elevation and depth changes across
 continents and ocean basins between the Tonga Trench and eastern South Africa along the white arrow.
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 Figure ..   Map of
  earthquake epicenters. 
 Epicenters are spots on the
 Earth's surface or seafloor
  above which earthquake 
 energy is released in the
 subsurface. Note how the
  pattern of epicenters 
 overlays the distribution of
  mountain belts, ocean 
  trenches, and midocean 
 ridges that are depicted in
  figure .. 
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 continental drift during  to . He collected
 rock and fossil data from continents around the
 southern Atlantic and Indian oceans (fig. .). His 
 proposal is a beautiful example of inference to the
 best explanation (§ ..). Wegener's evidence for
 the existence of an ancient supercontinent, which
 he called Pangaea, included the following:
 •
 Rock types mapped along the coasts and in-
teriors of eastern South America, South
 Africa, India, Antarctica, and southwestern
 Australia are amazingly similar. Especially
 significant was evidence of widespread con-
tinental glaciation in rocks of a particular
 geologic age. The distribution of these de-
posits made more sense if the landmasses
 had fit together in the south-polar region
 than if separate ice sheets had developed on
 the continents in their present positions.
 •
 Several fossilized land plants and animals
 found in these distant lands could not have
 migrated across the deep oceans.
 •
 In the Northern Hemisphere, the mountain
 belts of eastern North America and northern
 Europe seem to form a continuous chain
 when those continents are made to fit to-
gether (that is, by closing the gap between
 Greenland and northern Europe).
 •
 Polar landmasses contain rocks with
 fossils that lived in tropical marine envi-
ronments. They must have moved away
 from equatorial regions after the breakup
  of the supercontinent. 
 Going Further: Sedimentary Rocks,
 Fossils, and Flood Geology
 Advocates of modern flood geology (see § .) believe that layers of sedimentary rock in thick vertical successions
 across continents are evidence of deposition during the Genesis flood. They observe that strata standing far above sea
 level contain marine (sea) fossils and therefore must have been deposited by high levels of water that covered the con-
tinents during the deluge. Flood geologists have different opinions about how deep (or high) the floodwaters rose over
 the continents. Some imagine the water rising above the present heights of mountain ranges (some of them are confi-
dent that the ark currently rests near the top of Mount Ararat or some nearby peak). Others suggest that during the late
 stages of the flood the continents were lifted up as water drained into the deepening ocean basins.a
 In this chapter we explore how the ocean crust and continental crust of the Earth moves up and down and side to
 side through creation's regularities and functional integrity. Sometimes extensional forces stretch continental crust so
 that it thins and sinks below sea level (as evident at Death Valley and the Dead Sea). There are many places on Earth
 today where very thick deposits of sediment and sedimentary rock are accumulating on continental crust below sea
 level. Examples include all of the wide continental shelves surrounding the Atlantic Ocean and Gulf of Mexico, the North
 Sea between the United Kingdom and Norway, the Gulf of Carpenteria between Australia and Papua New Guinea, and
 the South China Sea, to name a few. Future side-to-side movement of tectonic plates could raise those sea deposits,
 containing abundant remains of sea creatures, above sea level.
 a
 Influential books promoting flood geology include John C. Whitcomb and Henry M. Morris,   The Genesis Flood: The Biblical Record and Its Scientific Impli-
cations   (Philadelphia: Presbyterian & Reformed, ); Steven A. Austin,   Grand Canyon: Monument to Catastrophe   (El Cajon, CA: Institute for Creation
 Research, ); Andrew A. Snelling,   Earth's Catastrophic Past: Geology, Creation and the Flood   (Dallas: Institute for Creation Research, ); Leonard
 Brand and Arthur Chadwick,   Faith, Reason, and Earth History: A Paradigm of Earth and Biological Origins by Intelligent Design, rd ed. (Berrien Springs,
 MI: Andrews University Press, ).
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 In hindsight, Wegener did scientific work that
 should have merited the Nobel Prize for his overall
 contribution to human knowledge about Earth
 history. The problem for Wegener (besides the sad
 fact that there is no Nobel Prize in the earth sci-
ences) was that many geologists of his day did not
 accept his hypothesis of continental drift. They
 reasoned that Wegener did not have a mechanism
 to move the continents across the face of the globe.
 ... Evidence from marine geology and geophysics.
 Research on the geology of the ocean floor flour-
ished during and after World War II. For example,
 submarine navigation and detection required ac-
curate deep-sea maps and information on ocean
 sediment composition and magnetic properties.
 One discovery was that the distribution of ocean
 and coastal earthquake zones corresponds with
 features on the ocean floor, such as midocean
 ridges and deep-sea trenches. It was not until the
 mid-s that marine geologists and geophysi-
cists made the connections between their observa-
tions and Wegener's idea of continental drift.
 Midocean ridges provided evidence of   seafloor
 spreading. Shallow earthquakes and nearly con-
tinuous fissure volcanic activity occur along mid-
ocean ridges. Age determinations of the ocean crust
 revealed that seafloor bedrock gets increasingly
 older away from the midocean ridges and toward
 the continents. The seafloor bedrock close to mid-
ocean ridges is only a few million years old, while
 close to continental margins the seafloor bedrock is
  Ma old but not more than  Ma old. This evi-
dence showed that new ocean crust is being created
 at midocean ridges as the lithosphere on either side
 of the ocean ridge is pulled in opposite directions
 (fig. .). Deep-ocean drilling also revealed that 
 sediment deposited on ocean crust is progressively
 thicker away from midocean ridges, because as the
 crust gets pushed aside from the midocean ridges
 there is more time for sediment to accumulate.
 If some plates are moving apart, it is reasonable
 to expect that some plates must be moving in a
 collision course. Ocean trenches provided evi-
dence of lithosphere   subduction   of old ocean crust.
 A trench forms where two plates converge and one
 is forced to move beneath the other back down into
  the mantle. 
 Ocean trenches typically run parallel to vol-
canic mountain belts such as the Andes Mountains
 of western South America or volcanic-arc islands
 such as Japan and Indonesia. Volcanoes in these
 regions produce violent eruptions. Magma is being
 generated in the mantle landward of the trenches.
 The chemical composition of the magmas, which
 produce the rock andesite, is consistent with the
 partial melting of ocean crust mixed with water-
saturated ocean sediments (adding water actually
 lowers the melting temperature of rock). Earth-
quakes are also common and violent in these re-
gions, with the depths of earthquakes increasing
 along a sloping plane from the vicinity of the
 trench toward the mantle.
 A good analogy for the dynamic lithosphere
 is a cafeteria conveyor belt taking trays to the
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 Figure ..   Map of supercontinent Pangaea with geological and
 paleontological patterns, recognized by Wegener as evidence that
 modern continents were once joined.
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 dishwasher. The conveyor belt is the lithosphere
 with the trays moving along, as the continents
 and ocean crust are represented by space on the
 belt between the trays (fig. .). If the kitchen 
 crew is not taking up the trays, there eventually
 will be a collision of plates—the assembly of a
 supercontinent (or in this case a supper con-
tinent). Volcanic island arcs can collide with
 larger continents. Fragments of continents can
 separate off older continents, drift around, and
 eventually collide with another continent. Such
 remnant volcanic island and continental frag-
ments are called   terranes. They would be like
 stray cups and plates on the cafeteria conveyor
 belt. Many mountain ranges are made up of ter-
ranes that collided in succession against a larger
 continent. Continents grow larger by this
 process of terrane accretion.
 ... Why do lithospheric plates move?   Recall that
 many of Wegener's geologist contemporaries re-
jected his idea of continental drift because they
 could not imagine a mechanism or driving force
 to move the continents such great distances.
 There was a general consensus that vertical and
 limited horizontal movement of the crust was
 possible, as seen in the displacement of rocks and
 strata in mountain belts. The discovery of sea-
floor spreading and subduction provided evi-
dence of lithospheric plate movement on a global
 scale. The energy required to move plates is de-
rived from heat in the mantle of the Earth left
 over from the Earth's formation, but mostly from
 the decay of radioactive elements. Heat moves
 toward the crust from the core by the process of
 convection, which results in the slow circulation
 of mantle material (even though at any instant
 one would describe the state of the material as
 solid). Plumes of hotter mantle are moving
 upward from the core-mantle boundary toward
 midocean ridges or more isolated hot spots, and
 cooler mantle is moving toward the core-mantle
 Figure ..   Map showing age of ocean lithosphere (millions of years) as determined by deep-sea drilling and ocean magnetometry. Note that
 ocean lithosphere is youngest along midocean ridges and increases in age away from the ridges symmetrically toward ocean-basin margins.
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 Figure ..   Conceptual diagram showing the major plate-tectonic process of seafloor spreading and subduction.
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 boundary beneath subduction zones. The process
 of mantle circulation is studied with seismic waves
 that can be used to show heat distribution in the
 mantle. Another important discovery from seis-
mology was a sublayer in the upper mantle just
 below the lithosphere called the   asthenosphere.
 Material in a zone at the top of the asthenosphere
 is in a semisolid state and behaves plastically (that
 is, it deforms easily). This zone allows for
 movement of the solid lithosphere over the solid
 mantle and its ability to receive slabs of subducted
  ocean crust. 
 ... Plate movement today.   That our Earth is a dy-
namic (constantly changing) planet explains why
 it looks the way it does today. If there were no
 plate-tectonic forces to cause mountains to uplift,
 then erosion by wind and water would have worn
 down our planet into a flat ball. If it had never ex-
perienced plate tectonics, there would be no vol-
canoes to constantly replenish water vapor into our
 atmosphere (or make magnificent tropical-island
 paradises). Our planet would be very different
 than it is today and quite possibly uninhabitable.
 These processes on a global scale reflect the biblical
 concept of creation's functional integrity and how
 God enables creation to participate in its own be-
 coming (§ ..). 
 We can now measure the rate of movement of
 plates with the aid of satellite-based geographic po-
sitioning (GPS). Maryland is moving away from the
 Mid-Atlantic Ridge at a rate of about . centimeters
 per year (fig. .). But ancient rock data can also 
 give us information on spreading rates that compare
 with the modern data. The age of the ocean crust just
 beyond the continental margin of North America
 has been measured (by radiometric and paleomag-
netic dating, see fig. .) at about  million years. 
 The age of rocks in the vicinity of the Mid-Atlantic
 Ridge is less than one million years old. The average
 distance between these two points in the western
 Atlantic Ocean is about three thousand miles. Di-
viding the distance by the time span yields a
 spreading rate of about two centimeters per year,
 Going Further: Rapid (Catastrophic) Plate Movement?
 There is a hypothesis by YEC proponents that plates may have moved much faster in the past.a  The idea, based on com-
puter models, is that accelerated mantle convection could have opened up ocean basins in a matter of months during a
 period of global catastrophe only thousands of years ago. From a strictly theoretical standpoint, the hypothesis does not
 take into account the enormous amount of heat and seismic energy that would be generated by such rapid movement
 of lithosphere over the mantle, which is inconsistent with the distinct layering of gabbro and pillow basalt in the ocean
 crust. Upper mantle rock would have to have been weaker than it is now to allow such rapid movement of massive
 lithospheric plates. It would still be weaker and hotter than what we observe. More importantly, physical evidence from
 the ocean floor does not support the hypothesis. Rapid seafloor spreading would not result in the observed increasing
 thickness of sediments and sedimentary rock on the ocean crust away from midocean ridges. Furthermore, the Hawai-
ian-Emperor seamount chain and similar features could not have formed so rapidly because each individual volcanic
 mountain takes millennia to grow and sink back into the sea. The atoll islands in the seamount chain are capped with
 hundreds of meters of coral that grew over additional millions of years. Perhaps a computer model can simulate rapid
 creation and movement of the ocean floor, but the rocks and features of the ocean floor do not support the hypothesis.
 a
 Stephen A. Austin et al.,“Catastrophic Plate Tectonics: AGlobal Flood Model of Earth History,”Institute for Creation Research, , www.icr.org/article 
  /catastrophic-plate-tectonics-flood-model/; Walt Brown, In the Beginning: Compelling Evidence for Creation and the Flood, th ed. (Phoenix: Center for 
  Scientific Creation, ). 
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 consistent with the satellite observations. Based on
 GPS data, the arrows in figure .  point in the di- 
rection of movement of plates from divergent
 boundaries to convergent boundaries.
 The age of volcanic rocks in the Hawaiian
 island chain can also be used to measure the rate
 of plate movement (fig. .). The only island 
 with active volcanism is the leading island in the
 chain, Hawaii. The islands in the chain northwest
 of Hawaii are older and smaller, as volcanic ac-
tivity has ceased and oceanic processes are
 wearing the islands down. In fact, the chain dis-
appears beneath the water, where it continues as
 a string of seamounts with occasional atoll is-
lands breaking the surface. The explanation for
 this chain is that volcanic activity has persisted
 above a fixed hot spot in the mantle as the Pacific
 plate has moved in a relative northwest direction.
 A simple demonstration of this would be to slowly
 move a plate of glass over a burning candle, so
 that the line of carbon smudge from the flame
 would represent the chain of islands on the sea-
floor. The radiometric ages of lavas from the
 various islands, in the direction away from
 Hawaii, are Hawaii, seven hundred thousand
 years to the present; Maui, less than  Ma; Molokai,
 . to . Ma; Oahu, . to . Ma; Kauai, .–.
 Ma; Midway,  Ma. The rate of plate movement,
 assuming that the hot spot has remained sta-
tionary in the mantle, derived from dividing the
 distance between Hawaii and Midway by twenty-
seven million years is about nine centimeters per
 year. GPS measurements of the movement of
 Hawaii toward Japan indicate a rate of . centi-
 meters per year. 
 ... Plate movement in geologic history.   Wegener
 was able to draw a map of Pangaea using evi-
dence in the rocks that indicates ancient climates
 and hence approximate latitudes where the rocks
 formed. Rocks with evidence of glacial activity
 indicate a polar location. Coal deposits across
 the central portion of Pangaea correspond with
 the position of the ancient equator (paleoe-
quator). Wind-formed sandstones and gypsum
 Plate  Movement  Direction
 5  cm/yr
 Tectonic  Plate  Boundary
 Figure ..   Map showing direction and velocity of plate movements derived from GPS stations around the world.
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 Figure ..   The age of volcanic rocks
 on the Hawaiian-Emperor Chain
 (islands and seamounts) can be used to
 determine the spreading rate of the
  Pacific lithospheric plate. 
 Top: Map of the islands and seamounts
 outlined at two thousand meters
 below sea level. Age of volcanic rocks is
 in millions of years, showing that
 volcanic activity that created the
 islands and seamounts increases in age
 to the northeast of current active
  volcanism. 
 Middle: Cross section of ocean crust
 showing a model for island formation
 over a stationary hot spot beneath the
 moving Pacific lithospheric plate.
 Bottom: Plot of radiometric ages of
 island and seamount volcanic rocks
 versus distance from Kilauea Island.
 The linear trend shows that the rate of
 plate motions has been fairly constant
 (about . cm/year) for seventy-five
  million years. 
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 (evaporite) deposits align with arid climate
 zones at thirty degrees north and south latitudes.
 However, since Wegener's time, geologists have
 found a way to practically pinpoint the paleo-
latitude where ancient rocks formed. Maps have
 been drawn to show the changing positions of
 continents on moving tectonic plates over geo-
logic time (selected maps of this type are in-
cluded in chap. ). 
 Lines of force in the Earth's magnetic field are
 parallel to the Earth's surface at the equator, but
 they become inclined with increasing steepness
 toward the magnetic pole. Iron-bearing minerals
 forming in igneous rocks align themselves to the
 magnetic field as the magma cools. The rocks
 contain   remnant magnetism   that preserves the   dec-
lination, pointing toward the magnetic pole, and
 inclination, corresponding to its latitudinal po-
sition (number of degrees from the poles). Initial
 studies of magnetic directions preserved in rocks
 were confusing because it appeared that directions
 to the North Pole changed over time. Also, polar
 wandering paths were different for rocks on dif-
ferent continents. But scientists were looking at the
 problem from the wrong perspective. The poles
 were not wandering. The continents were moving.
 The paleomagnetic data provided a means to track
 the drift of continents through geologic time.   Nu-
merous paleomagnetic measurements from rocks
 of different ages have been used to determine the
 changing positions of continents, leading to rea-
 sonable paleogeographic maps. 
 The Pangaea supercontinent formed about 
 Ma after several continents were on a collision
 course toward one another. As the continents
 4
 Paleomagnetic data reveal the former latitude where rocks
 formed, but not the former longitude. For that we have to make
 assumptions about reasonable paths the continents may have
 taken in the past. As ocean crust forms along a midocean ridge,
 temporal magnetic properties are preserved in the rock that
 produce a series of parallel “magnetic stripes” when mapped on
 the ocean floor (see fig. .). Patterns of these ocean-floor mag- 
netic stripes helps geologists determine rates of seafloor spread-
ing and the pathways of moving continents.
 moved closer together, the ocean crust between
 them was consumed in subduction zones beneath
 ocean trenches at the margins of some of the con-
tinents. Since continents are massive and buoyant,
 they cannot be subducted. Continental collisions
 result in the formation of mountain chains. The
 Appalachian and Ouachita Mountains in eastern
 North America formed during the continental col-
lisions that created Pangaea. After the mountains
 had formed, forces in the mantle caused the super-
continent to fragment and drift apart. The Atlantic
 Ocean basin was created as Africa and Europe
 drifted away from the Americas. The far-western
 region of North America, from Baja California to
 Alaska, is composed of a number of terranes
 (island arcs and continental fragments) that col-
lided with western North America during the late
 Paleozoic and Mesozoic eras.
 Geologists have determined that the Hima-
layan Mountains formed when the Indian subcon-
tinent collided with Asia starting about forty
 million years ago, as the Indian-Australia litho-
spheric plate moved toward the Eurasian litho-
spheric plate. The uplifted region contains ocean-
floor rocks that were squeezed and uplifted as the
 ocean basin between the converging continents
  narrowed and closed. 
 These are examples of the kinds of inferences
 geologists can make based on the regularities of
  creation: 
 •
 patterns of rock types, ages, and structures
 found in continental and ocean crust
 •
 the relationship of tectonic plate boundaries
 to dynamic (and hazardous) Earth processes
 such as volcanoes and earthquakes
 •
 the geology of continents reflecting times
 when they were connected in the past but
 are now separated by oceans
 •
 rock magnetism recording the movement of
 continental crust and the spreading of ocean
 basins across the globe over geologic time
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 Studying creation's regularities combined with
 the geological and geophysical studies of conti-
nents and ocean basins has led to a basic under-
standing of how the Earth works, a powerful ex-
ample of creation revelation in action (§ .).
 Plate-tectonic theory describes how the movement
 of lithospheric plates creates and closes ocean
 basins and how plate collisions created mountain
 belts and supercontinents in Earth history. It is
 now possible to “read the Earth” and develop a co-
herent history of changes in the Earth's crust over
  geological time. 
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  READING EARTH'S HISTORY 
  IN ROCKS AND FOSSILS 
  THIS CHAPTER COVERS: 
 Highlights of . billion years of Earth history
  after its formation 
 Developing crust, origin and evolution of
 continents and ocean basins, and typical
 sedimentary deposits reflecting changing Earth
  climate and geography 
 Examples of life on Earth at different times in
  its past 
 Discussion of alternative young-Earth creation-
ist ideas about Earth history
 This chapter continues the story of Earth that
 began in chapter eleven. The last few chapters pro- 
vided background to prepare us for a more mean-
ingful understanding of the intricate and sur-
prising history of our planet. We have looked at
 how geoscientists discovered the rock cycle and
 Earth's deep history (chaps. , ). We have seen 
 how geoscientists determine the age of rocks using
 radiometric dating and other techniques (chap. ). 
 And we examined how plate tectonics provides a
 unifying theory of the formation of many of Earth's
 large-scale features (chap. ). 
 Building on this foundation, we will visit seven
 scenes in Earth's geologic history to understand
 how it changed over its . billion years. We will
 see how dynamic processes that create, remove, or
 recycle the varieties of rock in the Earth's crust
 have shaped its surface through time, representing
 creation's functional integrity at work (§ ..).
 Geoscientists have successfully interpreted (or re-
constructed) many of the pages in Earth's history,
 finding evidence for the growth and history of con-
tinents, the rise and fall of great mountain ranges,
 the opening and closing of vanished ocean basins,
 and strata preserving the remains of ancient envi-
ronments, such as deserts, swamp forests, rivers,
 and reefs. What is more surprising is that the Earth
 was inhabited by life for most of its history, starting
 with microbes and eventually more complex and
 wonderful creatures. Many of the events, processes,
 and even life of the geologic past produced natural
 resources that human cultures have exploited and
 developed. Many of the rocks and structures that
 preserve particular episodes of Earth history are
 on display in North American national parks.
 Discoveries adding to our understanding of
 Earth history are always remarkable because so
 many things we take for granted in our world are
 the result of both regular and improbable events in
 the distant past.   How could we live without metal
 resources if tectonic plates had not spread and col-
lided to concentrate them in ore deposits? How
 many earthquakes were required to lift the Rocky
 Mountains to their present elevations? What would
 the animal and plant kingdoms look like today
 without episodic mass extinctions?
 In Genesis we read that God called his creation
 good (tov; see §§ .., ..). When God desig-
nates something as good he is saying that it is ready
 to function as he intended. It does not mean that
 1
  Neil Shubin, in 
 The Universe Within: Discovering the Common
 History of Rocks, Planets and People   (New York: Pantheon Books,
 ), wonderfully explores how events and conditions in the
 distant past are reflected in our world today and in our bodies.
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 creation is perfect, never messy, or even every-
where safe (do not get too close to that lava flow).
 The   tov-ness of Earth is reflected in the functional
 integrity inherent in the rock cycle and plate tec-
tonics and preserved in its geologic history.
 It is important to adjust our thinking about
 geologic time to include spans of years that range
 from thousands to millions to billions. We will use
 notations for these spans of time, such as Ga (bil-
lions or giga-years), Ma (millions of years), and ka
 (thousands of years). This is a good time to look
 back at the geologic timescale in chapter twelve 
 (fig. .). Recall that nineteenth-century geolo- 
gists referred to the oldest, unmetamorphosed
 sedimentary strata containing what they per-
ceived as the earliest evidence of fossil life as
 having been deposited during the Cambrian
 Period. They referred to all of the older rocks,
 which were typically igneous or metamorphic and
 appeared to lack fossils, as Precambrian. By the
 mid-twentieth century, radiometric dating pro-
vided evidence that the Precambrian encom-
passed most of Earth history.
 On the modern geologic timescale, the Hadean,
 Archean, and Proterozoic eons cover Precambrian
 time. The Hadean Eon starts with the origin of the
 Earth and somewhat arbitrarily ends at . Ga.
 Some authors and organizations choose an end
 date of . Ga. The original idea was that the be-
ginning of the Archean Eon marks the age of the
 oldest rocks preserved in the Earth's crust. This
 date is certain to change as new discoveries are
 made in the field and confirmed in the lab. The end
 of the Archean Eon is set at . Ga.
  17.1. PROLOGUE: HADEAN 
  TO THE DAWN OF THE 
 ARCHEAN   (4.6   TO   3.8   GA)
 We learned in chapter eleven  that meteorites from 
 space represent the original material from the for-
mation of the solar system and date between .
 and . Ga. The oldest Moon rocks indicate its
 origin between . and . Ga. If the Moon formed
 out of material that was ejected from the Earth after
 collision with a rogue planetary embryo (§ .), the
 oldest crust of the Earth must have formed after a
 period of core-mantle differentiation by . Ga.
 The oldest Earth mineral, dated at . ± .
 Ga, provides evidence of early revolutions of the
 rock cycle.   This zircon crystal was extracted from
 a metamorphosed conglomerate in Australia. It
 formed in an older granite that cooled in a magma
 chamber in the early crust, was uplifted to the
 surface in an ancient (now vanished) mountain
 range, was eroded from the igneous bedrock, and
 was transported in a stream to where it was de-
posited with other sediment that became the con-
glomerate (dated at . Ga). Subsequently, the
 conglomerate was buried deeply in the crust,
 metamorphosed, and returned to the surface
 during another episode of mountain building. So-
phisticated geochemical study of these oldest min-
erals led geoscientists to conclude that the crust
 cooled rapidly (about  Ma) after the impact that
 formed the Moon, so that by . Ga water vapor in
 the atmosphere could condense and accumulate as
 liquid water on the Earth's surface.
 Compared to the Earth today, the earliest crust
 was more like ocean crust without any traces of con-
tinental crust. Recall that ocean crust is composed
 of the igneous rocks gabbro and basalt, and typical
 continental crust is composed of granite or rocks of
 similar chemistry (see table .). Gabbro and basalt 
 are mafic igneous rocks derived from magma gen-
erated in the upper mantle. Mantle rock, such as
 peridotite, is rich in iron and magnesium, with
 silicon dioxide (SiO) compositions of less than 
 percent by weight (see peridotite description in
 §
 ..). Magma that forms gabbro and basalt has 
 percent to  percent SiO  by weight. The first
 2
 John W. Valley et al., “Hadean Age for a Post-Magma-Ocean Zir-
con Confirmed by Atom-Probe Tomography,”   Nature Geoscience
  (): -. 
 3
 John W. Valley et al., “. Billion Years of Crustal Maturation:
 Oxygen Isotopes in Magmatic Zircon,”   Contributions to Mineral-
ogy and Petrology    (): -.
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 continents may have been small pods of igneous
 rock with somewhat higher SiO  content, but they
 probably were not quite the composition of granite,
 which compared to basalt and gabbro has much less
 iron and magnesium and much more potassium,
 sodium, and SiO  (greater than  percent by
 weight). If gabbro and basalt are brought to the point
 of melting, the first minerals to melt have higher
 concentrations of SiO, while the iron- and mag-
nesium-rich minerals tend to resist melting. If this
 liquid is removed from the hot mass of rock, the
 resulting magma will crystallize into rocks that have
 compositions between granite and gabbro/basalt.
 Granite, a felsic igneous rock, typically forms out of
 a magma containing a mix of melted older meta-
morphic or sedimentary rock, requiring at least one
 complete revolution of the rock cycle.
 The accumulation of granite in the Earth's crust,
 leading to early continents, may have involved dif-
ferent processes. The surfaces of the Earth and Moon
 were pummeled with space debris ranging from
 large asteroids and comets to smaller meteoroids
 until about . Ga. Mare basins on the Moon provide
 evidence of this period, known as the Late Heavy
 Bombardment (. to . Ga). The heat generated
 from impacts may have partially melted some of the
 original crust, creating magmas with higher SiO
 content but probably not granites. Early plate tec-
tonics started recycling mafic crust back into the
 mantle in subduction zones (see fig. .). Volcanic 
 activity above the subduction zones produced chains
 of submarine volcanoes and eventually chains of vol-
canic islands. Physical and chemical erosion of rock
 on these islands produced sediment that accumu-
lated in the sea around the islands and in subduction-
zone trenches. The mix of early mafic crust and wet
 sediment created granitic magma as it was dragged
 down to the mantle along the conveyor-belt sub-
duction zones. Pods of granite magma cooled and
 coalesced into early microcontinents scattered
 around the Earth. Only traces of these earliest conti-
nents (called   cratons) survive, enclosed in the
 terrane-mosaics of Earth's Pre-
cambrian shields (fig. .). 
  Volcanic activity released 
 gases dissolved in the mantle
 and early crust, creating an at-
mosphere rich in CO  and N,
 with smaller amounts of water
 vapor (HO vapor), ammonia
 (NH), and methane (CH).
 Similar concentrations of gases
 are vented from modern vol-
canoes. The early atmosphere is
 cause levels of free oxygen (O)
 were too low to oxidize com-
pounds and elements dissolved
 in seawater or dispersed in the atmosphere. There is
 evidence that the early atmosphere was at least
 weakly reducing. The early concentration of CO
 contributed to atmospheric pressures perhaps more
 than one hundred times higher than the modern
 surface pressure.   By comparison, the surface
 said to have been reducing be-
 4
 Karl E. Karlstrom et al., “Long-Lived (.–. Ga) Convergent
 Orogen in Southern Laurentia, Its Extensions to Australia and
 Baltica, and Implications for Refining Rodinia,”   Precambrian
 Research    (): -.
 5
 Overview of Archean atmosphere in N. H. Sleep, “The Hadean-
Archean Environment,”   Cold Spring Harbor Perspectives in Biol-
ogy   , no. a (): -.
  Archean Craton 
 Figure ..   Global distribution of Archean cratons.
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 pressure on Venus, with its CO-dominated atmo-
sphere, is some ninety-three times that of Earth's
 modern surface pressure. The greenhouse property
 of CO  keeps the surface temperature of Venus at a
 balmy  degrees Celsius (° Fahrenheit).
 Early Earth was never as hot as Venus is today.
 Even with a greenhouse atmosphere charged with
 CO, there is plenty of evidence that liquid water
 was abundant and even doing the work of trans-
porting eroded sediment into basins (recall the
 story of the zircon crystal above). The Sun ra-
diated about  percent less heat at this point in
 its history, leading many geologists to wonder
 whether there was lots of ice covering the Earth's
 land and ocean surface.
 Many planetary geologists suspect that much of
 the water in the Earth's hydrosphere (all the Earth's
 ice, water, and water vapor) was delivered to the
 planet by icy comets during the Late Heavy Bom-
bardment. Substantial amounts of water would have
 been lost during the cataclysmic impact
 that formed the Moon, had it existed in
 any significant amount before that event.
 Water ice has been discovered in polar-
impact basins on the Moon, presumably
 from comet impacts. Comets may have
 also brought significant amounts of the
 element carbon to the Earth's surface that
 ended up in the form of CO  in the early
  atmosphere. 
 By . Ga, the early Earth was distin-
guished by a primitive, solid, ultramafic
 to mafic crust featuring scattered micro-
continents and abundant volcanic moun-
tains poking through the steaming ocean
 beneath a thick, hot, CO-dominated at-
mosphere that would be toxic to most life
 on Earth today. There is evidence in the
 rock record that simple life actually ap-
peared on Earth by . Ga (this will be
 covered more thoroughly in part four).
 The stage is set for the first scene in the
 saga of Earth history.
  17.2. SCENE ONE: LATE ARCHEAN 
 FIRST CONTINENTS   (3.0   TO   2.5   GA)
 The Archean Eon (. to . Ga) spans one-third of
 Earth's history, in which plate-tectonic processes
 led to the growth of continents, atmospheric con-
ditions changed from reducing to oxidizing, and
 simple life appeared. The Superior Province of the
 Canadian Shield contains evidence of geological
 processes and conditions. Archean crust is charac-
terized by regions of granite-gneiss bedrock (meta-
morphosed granite bodies) and deformed struc-
tures composed of layered volcanic and
 sedimentary rock called greenstone belts (fig. .). 
 Greenstone belts formed in narrow, deep-water
 basins on the margins of microcontinents com-
posed of older granite-gneiss. Chains of volcanoes
 probably separated the narrow basins from the
 microcontinents, providing lava and sediment
 that filled the basins. Typically, the oldest layers in
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 Figure ..   Geologic map of the Superior Province of Precambrian bedrock of the Canadian
 Shield, between Hudson Bay, Canada, and the northern Great Lakes, United States. This is a
 close-up of one geological province of many exposed in the Canadian Shield (compare with fig. 
  .b). Colors represent different rock units, as represented on the Bedrock Key. 
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 greenstone belts are submarine ultramafic to
 mafic lavas, including pillow basalts (fig. .), 
 overlain by more felsic lavas. These were covered
 by thick layers of muddy sandstone, shale, and
 chert (microcrystalline quartz also known as
 flint), which were subsequently metamorphosed
 into quartzite, slate, and schist. Greenstone-belt
 sequences can be as many as twenty kilometers
 thick. They were deformed when adjacent micro-
continents collided, welding them into larger
 continental landmasses. With careful analysis of
 field relationships between the
 different rocks, as well as ad-
 vanced radiometric dating 
  techniques, geologists un- 
raveled the history of crust for-
mation by granite plutonism,
  volcanism, sedimentation, de- 
 formation, and metamorphism 
 (fig. .). 
  Archean sedimentary rocks 
 also include banded iron for-
mations (BIFs), which are
 unique deposits of thin milli-
meter and centimeter layers
 composed of iron minerals
 (hematite   and   magnetite) and
 chert (fig. .). Such deposits 
 do not form on present-day
 Earth and are largely absent in
 rocks younger than . Ga. The
 lack of BIFs on modern Earth
 provides an example of the limitations of unifor-
mitarianism as understood by its early advocates
 (see chap. ). In fact, BIFs do not form in the 
 modern ocean because iron is so quickly oxidized
 that iron-oxide minerals tend to form in less con-
centrated deposits. BIFs are evidence of the
 weakly reducing Precambrian atmosphere and
 ocean, in which free iron could accumulate in
 the water column until episodic oxygen spikes
 (possibly contributed by early photosynthetic
 Figure ..   Archean pillow basalt, Upper Peninsula, Michigan. Pillow structures form when lava flows
 onto the seafloor and rapidly cools in cold water.
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 Folded volcanic and sedimentary strata of the greenstone belts (-) are deposited on older granite-gneiss crust (, ) and intruded by younger
 granite (). The geology here provides an excellent illustration of stratigraphic principles of superposition, original horizontality, and cross-cutting
  relationships (§ .). 
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 bacteria) resulted in the precipitation of iron
 oxides that settled out on the seafloor in layers.
 BIFs, which also contain high concentrations of
 nickel, are a significant source of iron ore.   Other
 ores in Archean rocks contain strategic concen-
trations of metals such as gold, silver, copper,
 zinc, lead, platinum, and chromium.
 Some Archean chert deposits contain micro-
scopic fossil cells, exhibiting the shapes and con-
 6
 Superior Province BIFs are a direct reason for the establishment
 of the steel and automobile industries in the Great Lakes region
  of North America. 
 figurations of photosynthesizing bacteria (single-
cell prokaryotes; see parts  and ). The oldest
 examples of these fossils date to . Ga. Filamentous
 cyanobacteria were abundant on the Earth's surface
 by . Ga, creating layered mats and columnar
 structures called stromatolites (fig. .). With the 
 absence of free oxygen, these bacteria used hy-
drogen sulfide in the photosynthesis process.
 Modern stromatolite structures grow in hyper-
saline lagoons or tidal channels featuring swift cur-
rents (fig. ., right). They are not abundant today 
 because in most marine environments there are
 other organisms that feed on the cyanobacteria and
 prohibit the development of thick mats and
 columns. Stromatolites were widespread in the
 Earth's oceans by . Ga, as represented in thick late
 Archean and early Proterozoic limestone deposits.
 Geologists believe it is no coincidence that BIFs
 largely disappear in the rock record with the emer-
gence of stromatolite-bearing limestone deposits.
 The abundant cyanobacteria that built stromatolites
 would have been microscopic factories converting
 ocean and atmospheric CO  into O  through photo-
synthesis. Decreasing the CO  in the pore waters of
 the marine sediment bound by the filamentous
 cyanobacteria would have favored the precipitation
 Figure ..   Polished slab
 of banded iron formation
  (BIF) about fifteen 
  centimeters long. 
 Silver and orange bands
  are magnetite and 
  hematite, respectively. 
 Red bands are chert
  (microcrystalline quartz). 
 Figure ..   Left: Polished slab of stromatolite (fossil cyanobacteria), Early Proterozoic, Bolivia. Specimen is approximately twenty-five centimeters long.
 Right: Modern stromatolites at Shark Bay, Australia, during low tide.
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 of calcium carbonate (CaCO) to make limestone.
 Increasing O  in the atmosphere and dissolved in
 seawater changed the environmental conditions
 that once favored BIF deposition. Atmospheric CO
 levels were also reduced by the chemical reaction of
 CO  with compounds released by weathering of
 bedrock to create deposits of limestone and chert
 on the seafloor, following the formula CaSiO  + CO
 →
 CaCO  + SiO. Thus, by . Ga, dissolved oxygen
 in the ocean and atmospheric oxygen was rising
 significantly, but still less than  percent of
 modern concentrations. The reduction of atmo-
spheric CO  decreased its greenhouse influence on
 surface temperatures. Glacial deposits in rocks of
 . Ga are evidence of this first global ice age.
  17.3. INTERLUDE: CONTINENTS 
 CONTINUE TO GROW   (2.5   TO   1   GA)
 Plate-tectonic interactions between original Ar-
chean continents resulted in larger continents
 throughout the Proterozoic Eon, as illustrated by a
 series of conceptual maps in figure .. At . Ga, 
 active mountain belts surrounded the small, dis-
persed Archean continents, such as represented by
 the Superior and Slave provinces now enclosed in
 the Canadian Shield (see fig. ., bottom). The 
 curved lines with black flags (triangles) on the
 maps indicate subduction zones, with the flags on
 the overriding tectonic plates. Collisions between
 microcontinents at . Ga produced new mountain
 belts, granite magma, and regional metamor-
phism during the Mazatzal orogeny (arrows in-
dicate plate motions). Schist and granite bedrock
 in the Inner Gorge of the Grand Canyon were
 metamorphosed, deformed, and intruded during
 this episode (see fig. .). This convergence of 
 continents may have created the first supercon-
tinent, which geologists call Columbia (or Nuna).
 Long rifts fractured the continental mosaic by .
 Ga, creating narrow seaways resembling the Red
 Sea today between Africa and Arabia. Sedimentary
 rocks (sandstone, shale, and limestone) accumu-
lated along the margins of the seaways, such as the
 fifteen-kilometer-thick sequence of the Belt Super-
group exposed at Glacier National Park in
 Montana. Another continental collision at . Ga
 produced yet another mountain belt with granitic
 magmas and regional metamorphism during the
  Grenville orogeny. 
 Along with the evolution of the crust, the
 Earth's atmosphere was changing between .
 and  Ga. Photosynthesis promoted the rising of
 atmospheric O  levels, which fluctuated be-
tween  percent and  percent of modern values,
 as CO  levels continued to decline. Evidence of
 eukaryotes (cells with a nucleus and membrane-
bound organelles), possibly a type of green
 algae, appears in rocks dating to . Ga, likely
 adding to the biomass of photosynthesizing
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 organisms pumping O  into
 the atmosphere.   Yet the
 bottom waters of the ocean
 remained oxygen poor and
  chemically reducing. 
  17.4. SCENE TWO: 
  LATE PROTEROZOIC 
  SUPERCONTINENT 
 (1.0   GA TO   800   MA)
  Continents that formed 
 during the Archean and early
 Proterozoic eons converged to
 create a supercontinent by
 about  Ga. Multiple, nearly
  simultaneous continental col- 
lisions, called the Grenville
 orogeny in eastern North
 America, resulted in the em-
placement of granite plutons
 and extensive regional meta-
morphism beneath a web of
 mountain belts along the col-
lision zones, probably resembling the modern
 Himalayan-Zagros-Alpine ranges between India
 and eastern Asia (of course, without trees or land
 animals). The supercontinent, called Rodinia, ex-
isted for at least two hundred million years before
 it began breaking apart by  Ma (fig. .). 
 Granite emplaced during the Grenville orogeny is
 present beneath much of eastern North America
 and is exposed in peaks along the Blue Ridge and
 Smoky Mountains of the Appalachian Range. Re-
newed rifting broke Rodinia apart, keeping some
 of the former Archean–early Proterozoic conti-
nents nearly intact but fragmenting others into
 disparate microcontinents. Rifting allowed for
 new continental shelves to develop around the
 margins of the continents as they drifted apart,
 resulting in thick accumulations of sedimentary
 7
  Preston Cloud, 
 Oasis in Space: Earth History from the Beginning
 (New York: W. W. Norton, ), -.
 rocks, including sandstone, limestone, and shale.
 This episode is evident along the Inner Gorge of
 the Grand Canyon, where up to four thousand
 meters (, ft) of faulted Middle and Late Pro-
terozoic sedimentary rocks and basalt lava flows
 overlay older schist and granite that had formed
 deep in the roots of the earlier Mazatzal Moun-
tains (fig. .). 
  17.5. INTERLUDE: 
  TRANSFORMATION OF A LIVING 
 PLANET   (800   TO   541   MA)
 There is little evidence of change in the nature of life
 on Earth between . Ga and  Ma, causing some
 geologists to dub this period of time “the boring
 billion.” But significant changes are evident in
 rocks deposited during the final  million years
 of the Proterozoic Eon. Concentrations of various
 trace elements in pyrite (an iron sulfide mineral)
 found in marine shale reflect the oxidation state of
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 Figure ..   Global paleogeography circa  Ma. Supercontinent Rodinia is beginning to fragment.
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 seawater and indicate a continued rise in atmo-
spheric and marine O  levels during this period.
 Widespread glacial deposits on the continents at 
 Ma,  Ma, and  Ma suggest near or complete
 freezing of the surface oceans from the poles to the
 equator, a scenario referred to as “Snowball Earth.”
 By  Ma, some rocks contain impressions of what
 must have been multicellular (metazoan) or-
ganisms, possibly representing modern taxonomic
 groups such as worms, cnidarians, arthropods,
 mollusks, and echinoderms, or some extinct groups
 unique to that period. One of the most famous lo-
calities for these fossils is in the Ediacaran Hills of
 south Australia, but they are also found in other
 places including Newfoundland and Namibia.
 Pyrite minerals deposited in marine shale during
 this period also contain increasing concentrations
 of trace elements that are essential for biological
 processes. By  Ma, rocks contain fossils with
 mineralized skeletons, such as the tiny, tubular
 Cloudina. Burrow traces and tracks of other meta-
zoans are found in the latest Proterozoic rocks,
 leading to the appearance of more complex life and
 ecosystems that define the next phase of Earth's
 history, called the Phanerozoic Eon (from Latin
  meaning “visible life”). 
  17.6. SCENE THREE: DAWN 
  OF AN ANIMAL PLANET 
  (CAMBRIAN AND ORDOVICIAN 
 PERIODS, 541   TO   444   MA)
 The Phanerozoic Eon opens with the Cambrian
 and Ordovician Periods as the continents of rup-
tured Rodinia scattered around the planet (fig. 
  .). Ocean crust around the global network of 
 midocean ridges heated up because of rapid sea-
floor spreading, of ten to thirteen centimeters per
 year, which caused the ridges to swell and rise
 hundreds of meters higher above average ocean
 depths. This had the effect of pushing seawater up
 onto the continents and allowing layers of marine
 sandstone, shale, and limestone to accumulate on
 continental crust. Tens of millions of years of
 erosion had leveled many Proterozoic mountain
 belts, so eventually continents were nearly
 drowned by vast inland seas.
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 Figure ..   Thickness and duration of geologic time represented by Precambrian rocks exposed in the Inner Gorge of the Grand Canyon. Early
 Proterozoic metamorphic and igneous rocks formed before and during the Mazatzal Orogeny. After a period of uplift and erosion lasting over 
 Ma, those rocks were covered by the Grand Canyon Supergroup, a thick succession of Middle and Late Proterozoic sedimentary rocks and lava flows
 deposited during and after the breakup of supercontinent Rodinia. The Grand Canyon Supergroup rocks were buried, tilted, faulted, uplifted, and
 eroded before being covered by the flat-lying Phanerozoic strata. This is an excellent illustration of the rock cycle.
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 Going Further: Are Precambrian Rocks
 Evidence of the Creation Week?
 The Hadean, Archean, and Proterozoic Eons, comprising what is commonly known as Precambrian time, represent most
 of Earth's history ( percent, in fact). In stark contrast, young-Earth (or recent) creationists believe that most Precam-
brian rocks on Earth formed during the first three days of the creation week described in Genesis . Remarkably, many
 of the best-known young-Earth geologists accept the sequence of rocks as preserved in Precambrian shields as reported
 from mainstream geological field studies. They even regard the radiometric dates, amounting to billions of years, as
 revealing information about the relative chronology of events while rejecting their absolute values.a  The following nar-
rative represents recent creationist ideas for harmonizing Precambrian geology with the creation week.
 Day one.   “In the beginning God created the heavens and the earth. Now the earth was formless and empty, dark-
ness was over the surface of the deep, and the Spirit of God was hovering over the waters.
 “And God said, ‘Let there be light,' and there was light. God saw that the light was good, and he separated the light
 from the darkness. God called the light ‘day,' and the darkness he called ‘night.'And there was evening, and there was
 morning—the first day” (Gen :-).
 Original ex nihilo (instantaneous) creation was followed by a period of fashioning the Earth (with rapid rock forma-
tion) during days one through four. Day one comprises the entire Hadean to Late Archean, when the oldest crust on Earth
 formed, including greenstone belts, granite-gneiss complexes, and mafic volcanic rocks, as seen in the Superior Province
 (figs. ., .). A global ocean covered the primitive crust (Gen :). Modern (slower) rates of geological processes do not 
 apply to this period. Accelerated radioactive decay is supposed to have rapidly aged the rocks during days one through
 three, so that rocks that are now only six thousand years old yield radiometric dates of billions of years. Archean stro-
matolites are interpreted as inorganic structures, located near upwelling springs of water filling the global ocean.
 Day two.   “And God said, ‘Let there be a vault between the waters to separate water from water.'So God made the
 vault and separated the water under the vault from the water above it. And it was so. God called the vault ‘sky.' And
 there was evening, and there was morning—the second day” (Gen :-).
 Day two encompasses Late Archean to Early Proterozoic geology, including the continued formation of greenstone
 belts on many continents. Some day one rocks were scoured (planed) flat. Great vertical movements of water in the
 global ocean distributed sediments (now metamorphosed) over the older crust and created resources such as Banded
 Iron Formations and gold ores. Extensive submarine volcanic activity preceded day three.
 Day three.   “And God said, ‘Let the water under the sky be gathered to one place, and let dry ground appear.'And it
 was so. God called the dry ground ‘land,' and the gathered waters he called ‘seas.'And God saw that it was good.
 “Then God said, ‘Let the land produce vegetation: seed-bearing plants and trees on the land that bear fruit with seed
 in it, according to their various kinds.' And it was so. The land produced vegetation: plants bearing seed according to
 their kinds and trees bearing fruit with seed in it according to their kinds. And God saw that it was good. And there was
 evening, and there was morning—the third day” (Gen :-).
 Earlier Middle Proterozoic rocks formed during day three. The separation of water in the sea from dry land involved
 rifting of primitive crust to form the earliest continents and the draining of water into ocean basins. The first supercon-
tinent of Rodinia formed on this day.b  Sediment was deposited along coastlines and in the rift basins as the water
 drained from the emergent land. Surface water continued to be sourced by deep springs, as Genesis :- is understood
 to claim that no rain fell to the Earth until after humanity was created.
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 Magmas continued to intrude the deep crust and cooled rapidly during day three. Microscopic features in rock minerals
 called   polonium halos   are used as evidence of rapid cooling.c  Polonium is a radioactive element with three common isotopes
 (Po, Po, and Po). They are present in magma as intermediate decay isotopes in the U to Pb decay series (see fig. 
  .). When Po isotopes decay, they emit alpha particles and radiation that damage the crystal structure of the mineral, 
 usually biotite mica or fluorite. This damage is seen under the microscope as tiny circles (halos). Po isotopes have half-lives
 ranging no more than milliseconds to months. This is significant because recent creationists contend that concentrations of
 Po must have been incorporated into the mineral when it formed from the magma. With such short half-lives, the fact that
 there are halos in the minerals is taken to indicate that the rock formed either instantaneously or in only a matter of days.
 Biotite forms late in the crystallization sequence of minerals in granite (due to its lower melting temperature). If granite
 bodies require a few millions of years to cool, all of the short-lived Po would be gone before biotite crystallization.
 Accelerated radioactive decay must have diminished after day three, possibly to near modern rates, so that radiation did
 not damage plant life and animals created on days four and five. Radioactive decay rates must have reaccelerated during the
 Flood year to account the old ages determined for igneous rocks intruded into sedimentary rocks deposited in the deluge.
 Day .   “And God said, ‘Let there be lights in the vault of the sky to separate the day from the night, and let them
 serve as signs to mark sacred times, and days and years, and let them be lights in the vault of the sky to give light on
 the earth.' And it was so. God made two great lights—the greater light to govern the day and the lesser light to
 govern the night. He also made the stars. God set them in the vault of the sky to give light on the earth, to govern the
 day and the night, and to separate light from darkness. And God saw that it was good. And there was evening, and
 there was morning—the fourth day” (Gen :-).
 Day four events are preserved in later Middle Proterozoic rocks. The Sun and Moon were created on day four, produc-
ing the first ocean tides (it follows that stars were created then, too). Stromatolites are now interpreted as organic
 structures. High mountains formed from continued uplift on the continents (Rodinia). Sediments from the rising moun-
tains were deposited along the continental margins, such as in deltas at the mouths of rivers.
 The account of days five and six contains little information that can be related to Earth formation; birds and fish
 appear on day five, and terrestrial creatures appear on day six including humankind. God's curse on humankind and
 nature following the fall (Adam's and Eve's act of disobedience against God) results in biological death to all life and
 corruption of a good (understood as perfect) creation. Some prominent recent creationists believe that the curse initi-
ated natural processes observed in the present time, such as the laws of thermodynamics (i.e., entropy) and chemical
 processes.d  Other recent creationists think that these laws of nature were established at the end of the creation week.e
 Later Proterozoic rocks, such as the Grand Canyon Supergroup (fig. .), represent deposition of sedimentary rocks 
 between the creation week and the earliest deposits from the global flood (Gen ).
 Analysis.   The concordist approach to geology and Scripture by recent creationists follows from a strong commit-
ment to accepting the language of Genesis, read literally, as containing scientific information about Earth history (§§ .,
 .). But it is only possible to do that by interpreting the meaning of selected words in the account as having scientific
 meaning and by carefully selecting the scientific data that fit the chronology of the biblical account.
 In contrast to the generally accepted geologic timescale, recent creationists dramatically compress the sequential
 geological history preserved in Precambrian rocks (as dated by radiometric methods): day one covers Hadean to Late Ar-
chean, or about . Ga; day two covers Late Archean to Early Proterozoic, or about . Ga; day three covers earlier Middle
 Proterozoic, or about  Ma; and day four covers later Middle Proterozoic, or about  Ma. Recall the oldest Earth min-
eral, dated at . ± . Ga (see § .). This is a zircon that was extracted from a metamorphosed conglomerate.
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 Conglomerates are sedimentary rocks composed of fragments of older rock (see fig. .). The youngest date from other
 zircons in the conglomerate is . ± . Ga, so geologists reasonably assume that the conglomerate is just slightly
 younger than that date, about . Ga.f  Even ignoring the difference of . Ga between the age of the oldest zircon and
 the formation of the conglomerate, by the recent creation account the zircon originated in an igneous rock, was re-
moved, and was deposited as sediment in one day.
 The recent-creation scenario selectively accepts some sequential processes in the Precambrian but rejects the common-
sense and analytically determined timeframes for their formation (§ .). For instance, metamorphic schist observed in the
 Inner Gorge of the Grand Canyon is crosscut with veins (dikes) of younger granite (fig. .). Schist formed through the 
 metamorphic alteration of older sedimentary and volcanic rocks. Veins of granite that crosscut the schist were sources from
 magma chambers deeper in the crust. Recall that greenstone belt sequences in Archean shields feature accumulations of
 volcanic and sedimentary rocks up to twenty kilometers thick, and younger granites intrude them. Pillow-basalt structures
 in the belts are evidence of lava flowing onto the seafloor and cooling before being covered by overlying flows.
 Polonium halos fail to prove the instantaneous formation of igneous rocks on several counts.g  Polonium is not intro-
duced into the crystallizing rock directly from the magma, as recent creationists assume. Geologists have noted that the
 halos are typically found in granite bodies that have experienced alteration by deep, hot fluids during episodes of defor-
mation after the granite completely cooled. The fluids carry concentrations of radon (Rn) isotopes from the decay of  U,
 and the radon decays to three isotopes of polonium (see fig. .). The alteration process, called metasomatism, involves 
 the replacement of original minerals in the granite by new minerals, including biotite. Polonium in the altering fluids can
 be incorporated into the replacement minerals and quickly form halos. The mineral myrmekite (a variety of plagioclase
 feldspar with wormy intergrowths of quartz) provides evidence of hydrothermal alteration of the original granite body.
 Uranium isotopes (with very long half-lives) are present in the magma and associated fluids throughout the cooling
 history of the igneous body. Uranium in the fluids will continue to produce Po isotopes that can be incorporated in
 minerals at any point to produce halos, even over thousands to millions of years. Uranium is particularly concentrated in
 fluids that circulate through networks of fractures in the late stages of cooling. Coarse minerals, including biotite and
 fluorite, crystallize in fractures that were forced open by the hot, high-pressure fluids and steam. Polonium halos are
 common in these crosscutting veins (called pegmatite dikes).
 In addition to claiming rapid formation of rocks that are observed to form sequentially over great periods of time,
 creation with the appearance of age is implied by recent creationists for many Precambrian rocks. On the other hand,
 mainstream geologists have provided reasonable explanations for features observed in Precambrian rocks and struc-
tures conforming with natural processes (observed and realistically inferred) and with the results of laboratory experi-
ments and computer modeling (see § . on actualism). Given the doctrine of creation in chapter two, we can see these 
 processes as means through which our triune Creator has been consistently, patiently at work over a vast span of time.
 a
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 The contact between Cambrian sedimentary
 rock and Precambrian rocks (generally igneous or
 metamorphic rocks) is called the Great Uncon-
formity and is well exposed in the Grand Canyon
 as well as multiple other places on many conti-
nents (see figs. ., ., as well as explanation in 
 §
 .). Typically, Cambrian-Ordovician strata ex-
hibit a vertical succession of sandstone, repre-
senting river and shallow coastal marine environ-
ments; covered by shale, representing muddy
 estuary to deeper water off-shore environments;
 covered by limestone (or dolostone), representing
 shallow marine environments composed of
 calcium carbonate from marine organisms (cal-
careous algae and invertebrate shells). Cambrian
 strata over the Great Unconformity exposed be-
tween southeastern California to southwestern
 Colorado show this succession, including in the
 Grand Canyon (fig. .). A similar succession is 
 evident in the Cambrian to Ordovician rocks in the
 Appalachian region (Shenandoah National Park).
 The gradually rising sea during this period re-
sulted in the wide distribution of sandstone, shale,
 and limestone across continents. To illustrate how
 these strata form, imagine a gently sloping board
 representing the surface of a continent. Now
 imagine a wet paintbrush being slowly dragged up
 along the sloping board from lower to higher ele-
vation (fig. .a). The thin layer of paint is “older” 
 where it was first applied on the lower end of the
 board and “younger” on the higher end. As sea
 level rose across the continents, coastal and near-
shore sand deposits moved with the shoreline as it
 moved landward, spreading out a more or less even
 thickness of sand like the coat of paint. But sed-
iment deposited in deeper water beyond the
 coastal sand also moved landward as sea level rose.
 Imagine if another paintbrush with a different
 color followed the first brush, adding a second
 layer of paint on top of the first. Likewise, shale
 and limestone layers covered sandstone layers as
 the shoreline moved toward the interior of the con-
tinents during the Cambrian-Ordovician sea-level
 rise (fig. .b-c). Geologists call the landward 
 movement of a shoreline during sea-level rise a
 transgression. The sea level reached its maximum
 height at the end of the Early Ordovician Period,
 about  Ma. Subsequently, global sea level
 dropped, slowly draining the sea back to the
 margins of the continents. The seaward return of
 the shoreline is called a   regression. Erosion created
 an unconformity across the top of the Cambrian-
Early Ordovician strata across North America. Or-
dovician strata were completely removed in the
 vicinity of the Grand Canyon.
 Sea level can rise or fall over long periods of
 time, as it did during the Cambrian and Ordo-
vician Periods, but it does not continually change
 in one direction over the course of millions of
 years. Sea level may move in one direction for hun-
dreds of thousands of years and then reverse for
 tens of thousands of years, and then return to the
 longer-term directional trend. The causes of sea-
level change are related to cycles of midocean ridge
 volcanism, global sea temperatures, volumes of
 continental ice sheets, and regional uplift or
 sinking of continental crust. Depending on how
 these factors change, sea level may change in dif-
ferent directions over different timescales. This can
 be seen in the stratigraphic cross section of the
 Cambrian rocks in the Grand Canyon. The forma-
tions composed of sandstone, shale, and limestone
 do not lie in succession, like flat layers in a cake.
 The contact between them zigzags back and forth
 across the Grand Canyon region, because during
 the long-term sea-level rise (transgression) that
 spread the deposits landward, short-term drops in
 sea level (regressions) temporarily moved the de-
posits seaward (fig. ., inset cross section). 
 Geoscientists have determined very specific
 changes in sea level on Earth over the past  Ma
 by mapping the distribution of marine rocks on
 continents as preserved in sedimentary basins and
 beneath continental shelves (see figs. ., .). 
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 Figure ..   Global paleogeography near the end of the Ordovician Period, about  Ma.
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 Figure ..   Cambrian strata across the southwest United States from southeast California to southwest Colorado. The cross section is based
 on measured geologic columns of Cambrian-age rocks in three places. The inset cross section shows the detailed stratigraphic relationships
 between Cambrian-age sandstone, shale, and limestone formations in the Grand Canyon. Note the zigzag pattern of the contact between the
 Bright Angel Shale and the Muav Limestone, reflecting the back-and-forth motion of the shoreline during the long-term transgression of the
 sea during the Cambrian Period.
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  SEA LEVEL RISE (TRANSGRESSION) 
  A. 
  B. 
  C. 
  LIMESTONE 
  SHALE 
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 Figure ..   Illustration of how deposits of sandstone, shale, and limestone
 accumulate across wide regions on continental crust during long-term
 transgressions (sea level rise). See text for explanation.
 They pay attention not only to the rocks but also to
 the unconformities between strata that reflect pe-
riods of time when the sea level fell during regres-
sions. The first-order cycle of sea-level change in-
volves gradual rise and fall of the sea over a range of
 six hundred meters (, ft) over time intervals of
 two hundred million years or more (fig. .). First- 
order cycles are related to the formation and
 breakup of supercontinents. Second-order cycles
 are superimposed on the first-order cycles, but in-
volving more modest changes in sea level over time
 intervals of ten to eighty million years. Third-order
 cycles are superimposed on second-order cycles, in-
volving even more modest changes in sea level, with
 durations of one to ten million years. Second- and
 third-order cycles are probably related to changes in
 ocean volume caused by cycles of volcanic activity
 and spreading rates along midocean ridges.
 Even more subtle fourth and fifth orders of sea-
level changes are interpreted from cycles of rock,
 including Late Cambrian and Ordovician rocks
 across North America. During the high sea-level
 stand by about  Ma, shallow marine conditions
 extended from the margins of the ancient North
 American continent far inland; in the east as far as
 the distance between central Virginia and Wis-
consin; and in the west as far as southeast Cali-
fornia to southwest Colorado. In the Appalachian
 region, Cambrian and Ordovician strata feature
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 Figure ..   Sea-level curves for the Phanerozoic Eon.
 First-order curve shows two cycles of very high sea levels
 relative to present-day sea level, spanning  Ma or more.
 Second-order cycles represent sea level change spanning
 – Ma each. Third-order cycles for the Cambrian and
 Ordovician Periods are shown (right-most curve), occurring in
 spans of fewer than  Ma each. Fourth- and fifth-order cycles
 of hundreds and tens of thousands of years are not shown but
 would be superimposed on the third-order curve.
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 repeating layers of rock representing sediments
 deposited in shallow subtidal (below tide range),
 intertidal (within tide range), and supratidal (ele-
vations just above high tide) environments.   The
 rocks resemble modern, limey sediment deposits
 accumulating today in the Great Bahama Banks,
 Florida Bay, and Persian Gulf.
 The repeating order of the layers indicates re-
curring “shallowing upward” of the deposits as
 sea level, changed only by ten to twenty meters
 over time intervals of tens of thousands of years
 (fig. .). Thin conglomerate layers mark the 
 beginning of each cycle and represent rising seas
 8
 Robert V. Demicco, “Platform and Off-Platform Carbonates of
 the Upper Cambrian of Western Maryland, U.S.A.,”   Sedimentol-
ogy    (): -.
 and reworking of deposits from the previous un-
derlying cycle. Once seawater covered the pre-
vious cycle of deposits to depths of about ten to
 twenty meters, limey sediment began to accu-
mulate on the seafloor, including offshore
 sandbars and the growth of patch reefs composed
 of calcareous algae and cyanobacteria stromato-
lites. The accumulation of limey sediment even-
tually filled in the sea and established broad
 banks with intertidal and supratidal mudflats.
 Polygonal cracks that penetrate the algal-lami-
nated, supratidal mud deposits indicate signif-
icant surface exposure just above sea level. An
 overlying layer of conglomerate marks the next
 cycle of sea-level rise. Cycles are rarely complete,
 due to variations in the amount of sea-level
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 Figure ..   Cycles in the Conococheague Formation, Late Cambrian, west Maryland. (A) An idealized cycle in the formation showing the
 stratigraphic succession of deposits. (B) A seventy-meter measured section showing seven or more cycles evident in the unit (letters correspond
 with rock units in part A). (C) Repeating layers of rock in the Conococheague Formation, in southwest Virginia.
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 change with each cycle and various local condi-
tions that might regulate accumulation or remove
 deposits. In southwest Virginia, these deposits
 are as much as . kilometers (, ft) thick,
 with over four hundred cycles, probably deposited
 over a period of twenty-six million years.   The
 magnitude and duration of sea-level change at
 this scale is accounted for by variations in the
 Earth's orbit around the Sun and wobble and tilt
 of Earth's axis of rotation that together produce
 cold-warm climate cycles on the order of twenty
 thousand to forty thousand years (producing
 fifth-order rock cycles). The past two million
 years of ice-age advance and retreat in the
 Northern Hemisphere is related to such astro-
nomical forcing of climate change.
 9
 William F. Koerschner III and J. F. Read, “Field and Modelling
 Studies of Cambrian Carbonate Cycles, Virginia Appalachians,”
 Journal of Sedimentary Petrology    (): -.
 The eastern margin of North
 America began to change during the
 Ordovician Period as a chain of vol-
canic islands developed in front of
 the continental shelf (fig. .). This 
 island chain might have appeared
 from space, like the chains of volcanic
 islands along the western rim of the
 Pacific Ocean today (Japan-Taiwan-
Philippines). Ash emitted from these
 volcanoes traveled landward over the
 shallow, inland Ordovician seas,
 forming layers of bentonite clay de-
posited between layers of limestone
 (see fig. .). As the volcanic islands 
 grew, the mass of the chain pushed
 down on the continental crust,
 causing the inland sea to deepen.
 Tectonic forces eventually pushed the
 island chain against eastern North
 America, resulting in more mountain
 building and regional metamor-
phism (evident in schist bedrock ex-
posed in Acadia National Park). After the volcanic
 activity ceased, erosion of the highlands produced
 sediment that filled the inland sea, distributing
 sandstone and shale from the area of present-day
 central New York state to southwest Virginia.
 Mineral resources associated with Ordovician
 limestone and dolostone include lead-zinc ores
 along the Mississippi Valley from Missouri to south-
western Wisconsin and in the folded rock of the
 Valley and Ridge Province that stretches between
 Virginia and Tennessee. Oil and gas are extracted
 from Ordovician rocks in the Williston Basin.
 Cambrian and Ordovician animal life was limited
 to the marine environment. Fossil evidence for the
 first land plants appears in rocks at the end of the
 Ordovician Period. Genetic studies suggest that some
 plants and fungi were established on the land,
 probably in wet, low-elevation settings, during the
 late Precambrian Eon. Early Cambrian marine
 animals included soft-bodied invertebrates such as
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 Figure ..   Paleogeography of eastern North America during the Middle Ordovician (ca. 
 Ma). Great Smoky Mountains National Park (G), Shenandoah National Park (S), Acadia National
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 sponges, comb jellies, jellyfish, anemones, and flat-
worms. By  Ma, ecosystems of soft-bodied and
 shelly organisms lived in the sea, including trilobites
 and other arthropods, various worms, sponges, algae,
 brachiopods, primitive mollusks, a primitive
 swimming chordate, and a variety of animals that
 may have no living counterparts. Rapid diversifi-
cation of these animal groups between  and 
 Ma is known as the Cambrian Explosion (§ ...).
 Diversification refers to successive introduction of
 new species in the fossil record. Many paleontologists
 question whether the explosion metaphor is appro-
priate for twenty million years of geologic time. By the
 late Ordovician, typical shallow seas featured grazing
 sea snails and trilobites (fig. .), gardens of crinoid 
 “sea lilies,” burrowing and sedentary bivalve bra-
chiopods, patch reefs constructed of sponge, coral,
 and algae, and schools of small, jawless fish. But while
 animal life continued to diversify over the course of
 the Cambrian and Ordovician, a series of mass ex-
tinction events between  and  Ma reduced the
 number of marine species by as much as  percent.
  17.7. INTERLUDE: NEW 
  MOUNTAINS AND BROAD INLAND 
 SEAS   (444   TO   359   MA)
 Mountain building continued along the eastern
 margin of ancient North America over the next
 eighty-five million years after the Ordovician
 Period. Volcanic island arcs located off the coast
 eventually collided with the eastern margin (see
  fig. .). Next, a succession of collisions with mi- 
crocontinents created a very long mountain belt
 east of the present-day Blue Ridge Mountains. At
 this time terranes, presently in Western Europe,
 connected to New England and eastern Canada.
 Granite exposed at Acadia National Park in Maine
 formed at this time deep in the crust beneath the
 rising mountains. Thick strata of red sandstone ac-
cumulated on the flanks of the mountain belt and
 in adjacent inland seas resulting from that col-
lision. These rocks are exposed today in Pennsyl-
vania, New England, Greenland, Wales, England,
 Scotland, and Norwegian islands in the Arctic
 Ocean (these include the upper set of sandstone
 layers above the famous unconformity at Siccar
 Point in fig. .). Accordingly, geologists call this 
 landmass the Old Red Continent. This and other
 collisions against ancient eastern North America
 are evident in bedrock beneath the Piedmont and
 coastal regions of the Mid-Atlantic states (Virginia,
 North Carolina, and South Carolina).
 Mountains formed at this time in eastern North
 America are the original uplifts of the Appalachian
 mountain chain, with episodes of mountain
 building evident during the Ordovician Period
 (the Taconic orogeny) and the Devonian Period
 (the Acadian orogeny in North America and the
 Caledonian orogeny in Europe). Inland seas
 stretched across North America from the eastern
 regions of uplift to the center of the continent.
 Fossils in rocks include a diverse community of
 bottom-dwelling invertebrates, such as sea snails,
 trilobites, corals, sponges (including a reef-
forming variety called stromatoporoids), and echi-
noderms (including “sea-lily” crinoids) and many
 varieties of jawless and jawed armored fish and
 sharks. The Devonian Period is often referred to as
 the age of fish. Thick deposits of organic-rich black
 shale accumulated in the deeper parts of the inland
 seas, which provided the hydrocarbon source for
 eastern and midcontinent oil and gas fields.
 Figure ..   Trilobite fossil   Elrathia kingii   (Middle Cambrian,   Millard
 County, Utah). Specimen length is approximately . centimeters.
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 Going Further: Flood Geology and Paleozoic Stratigraphy
 According to flood geologists (§ .), sedimentary rocks containing fossils are largely deposits from the global cata-
strophic deluge described in Genesis –, the flood of Noah. Many flood geologists consider deluge deposition to in-
clude the uppermost sedimentary rocks of the latest Proterozoic Eon (deposited just below the Great Unconformity) and
 overlying Paleozoic-Era and Mesozoic-Era sedimentary rocks.a  Deposition over some seven hundred million years by
 modern geological understanding is compressed to less than one year. The creationist organization Answers in Genesis
 believes the Flood occurred during the year  BC.b  Paleozoic-age rocks are thought to indicate deposits of the early
 flood, encompassing the first  days of the deluge (Gen :). Receding waters from the land over the next  days
 deposited Mesozoic-age rocks (Gen :, ).
 Flood geologists point to the stratigraphic succession observed in Cambrian-age sedimentary rocks above the Great
 Unconformity in the Grand Canyon to demonstrate catastrophic erosion and deposition during the early Flood.c  Recall,
 there we observe sandstone of the Tapeats Sandstone overlain by shale of the Bright Angel Shale overlain by limestone
 and dolostone of the Muav Limestone (fig. .). The flood-geology explanation is that rapidly rising water gushed from 
 the fountains of the deep, powerfully eroding Precambrian bedrock and creating gravel, sand-size, and mud-size sedi-
ment particles. As the turbulent water rose, sediment settled out on the Great Unconformity surface, first coarser gravel,
 followed by finer sand. This process of hydrodynamic sorting can be demonstrated in a shaken jar filled with water and
 sediment of different sizes (the heavier, coarser sediment settles first). Gravel and sand comprise most of the Tapeats
 Sandstone. As the water calmed, mud settled out to form the Bright Angel Shale.
 An immediate problem with this model is that the rocks do not contain evidence of deposition in deep turbulent
 water. If such deposition had happened, it is more likely that the Tapeats Sandstone would contain multiple beds con-
taining sorted gravel to sand (called graded bedding), which is observed in deep-ocean deposits created by turbid,
 sediment-water currents that flow down submarine canyons (fig. .). Rather, the Tapeats Sandstone contains features 
 that indicate deposition in shallow water with moderate current energy. These include ripple marks that compare with
 current ripples seen in shallow streams and just seaward of sandy beaches. The Tapeats Sandstone also contains muddy
 layers broken up into polygonal cracks. These mud cracks form when the layers dried under the sun (so some layers of
 the Tapeats Sandstone were deposited above the tidal range).
 There is too much sand in the Tapeats Sandstone to have been derived from the directly underlying bedrock. Thus,
 many millions (billions?) of sand grains must have been derived from the erosion of many thousands of cubic kilometers
 of older rock, exposed above sea level a great distance from where the sand was deposited. The roundness of the sand
 grains indicates prolonged stream transport and wave activity.
 Clearly, the muddy sediment of the Bright Angel Shale was deposited in deeper water than the underlying Tapeats
 Sandstone. That is why mainstream geologists interpret the two units to have formed during a prolonged episode of sea
 level rise (fig. .). Nevertheless, the water was never too deep and never too turbulent. The shale is riddled with thin, 
 tube-like structures that were created by invertebrate animals that lived on and burrowed into the seafloor as the sedi-
ment accumulated. They are comparable with sediment-filled tubes created by worms and other invertebrates in mod-
ern seas. The tubes are largely horizontal in orientation. If the sediment accumulated rapidly, animals dumped with the
 sediment would try to escape upward through the sediment, forming vertical burrows.
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  17.8. SCENE FOUR: 
  SUPERCONTINENT PANGAEA 
  (CARBONIFEROUS PERIOD, 
 359   TO   299   MA)
 Among the dizzying number of eras, periods, and
 epochs on the geologic timescale is the Carbonif-
erous Period ( to  Ma). The name was coined
 in Great Britain for the system of strata featuring
 significant beds of coal. Coal beds are also found in
 equivalent-age rocks in North America, as exploited
 across the Appalachian Plateau from the Virginias
 to eastern Kentucky and in the Illinois Basin of
 southern Illinois and western Kentucky. However, in
 North America the Carboniferous Period has been
 divided into two periods: Mississippian (–
 Ma) and Pennsylvanian (– Ma).
 Coal beds result from the accumulation of
 woody organic material in wet, low-lying, tropical
 environments such as peat bogs and swamps.
 Pennsylvanian-age coals beds feature impressions
 of fossil ferns and seedless plants that are related
 to modern club mosses and horsetails. Most life on
 land was restricted to wet, coastal settings during
 much of this period, until seed-bearing conifers
 appeared in the Late Pennsylvanian. Land animals
 included diverse crawling and flying insects.
 Imagine a dragonfly with a sixty-five-centimeter (
 ft) wingspan hovering over lumbering amphibians
 the size of modern crocodiles and much smaller,
  lizard-like reptiles. 
 Animal life in the sea included many familiar
 invertebrate groups from earlier in the Paleozoic
 Era, such as trilobites, brachiopods, snails, and
 sponges. Predators included swimming ammonite
 cephalopods (coiled, chambered animals that re-
semble the modern nautilus) and sharks. Reef
 The overlying Muav Limestone presents a multitude of problems for flood geology. First, where did the lime sediment
 come from to form the limestone and dolostone? Flood geologists have suggested lime sediment washed in from some
 distant source, perhaps older limestone. However, limestone and dolostone are composed of soluble calcite and dolomite
 minerals. When they are exposed to weathering, they dissolve rather than form sediment particles (which is why those
 rocks typically feature caves). Second, sediment in limestone forms by chemical precipitation of either calcite or aragonite
 (both minerals composed of calcium carbonate) out of seawater or groundwater or from the breakdown of invertebrate
 shells, coral, or calcareous algae fragments (also composed of calcite or aragonite). Abundant fossils and fossil fragments
 in typical limestone are evidence that most of the sediment particles formed very close to where they were deposited by
 calcareous animals and algae that live on the seafloor (or successive seafloors that accumulated over time).
 Finally, the upper contact of the Muav Limestone is also an unconformity (surface of exposure). The upper surface of
 the Muav Limestone was exposed after the sea level dropped (regression) and was eroded by river channels that created
 broad valleys up to thirty meters ( ft) deep. The channels filled with sediment of the Temple Butte Formation (Late
 Devonian Age). The overlying Redwall Formation covered the Muav Formation unconformity when the sea level rose
 again during the Mississippian Period (another example of marine transgression).
 Significant unconformities, representing millions of years of “missing” geologic time, are present throughout the
 geologic column worldwide. There are twelve documented unconformities between Paleozoic formations exposed in
 the Grand Canyon above the Great Unconformity. There are six unconformities recognized in the Proterozoic Grand
 Canyon Supergroup below the Great Unconformity (fig. .). 
 a
  Andrew A. Snelling, 
 Earth's Catastrophic Past: Geology, Creation and the Flood   (Dallas: Institute for Creation Research, ).
 b
 See David Wright,“Timeline for the Flood,”Answers in Genesis, March , , https://answersingenesis.org/bible-timeline/timeline-for-the-flood. 
 c
  Stephen A. Austin, 
 Grand Canyon: Monument to Catastrophe
 (El Cajon, CA: Institute for Creation Research, ).




[image: ]
  310 
  PART THREE: ORIGIN AND GEOLOGIC HISTORY OF EARTH 
 builders included different species of sponge and
  calcareous algae. 
 During the Carboniferous Period the supercon-
tinent Pangaea assembled through the head-on
 collision of two landmasses called Laurasia in the
 Northern Hemisphere (most of present-day North
 America, Western Europe, and Siberia) and
 Gondwana or Gondwanaland in the Southern
 Hemisphere (a jigsaw puzzle of just about all the
 other continents). The resulting supercontinent
 concentrated most of the continental crust in the
 Southern Hemisphere, with significant land
 stretching across the south-polar region (fig. .). 
 In chapter sixteen, we learned that Alfred Wegener 
 used evidence from the distribution of mountain
 belts and rock structures, fossils, and glacial de-
posits to demonstrate that the modern continents
 had once been linked together (see fig. .). 
 The sequence of collisions resulted in defor-
mation of the crust that is still evident in the
 bedrock of North America from New England to
 west Texas. What we see exposed today are only
 the deep roots of mountains that formed during
 the Alleghenian and Ouachita orogenies. Colli-
sions caused the continental crust to thicken in
 the collision zones by faulting and folding the
 rocks that were previously deposited on the
 margins of the continents. The massive force of
 the converging continents even broke the crust
 into huge horizontal slabs, called thrust sheets,
 that stacked against one another like playing
 cards being pushed into a shuffled deck (fig. 
  ., bottom). Landform provinces of the Mid- 
Atlantic and New England reflect the formation
 and deformation of bedrock involved in Appala-
chian mountain building, including the
 Piedmont, Blue Ridge, Valley Ridge, and Al-
legheny Plateau (fig. .  top). 
 The Appalachian Range from New England to
 Tennessee marks the connection between eastern
  SIBERIA 
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 Figure ..   Global paleogeography at  Ma, during the late Mississippian (or middle Carboniferous) Period.
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 North America and West Africa after the collision
 that created Pangaea. The Ouachita Range from
 Arkansas to Oklahoma marks the connection be-
tween the Gulf Coast region and South America.
 Complex bedrock structures east of the Blue Ridge
 and Great Smoky Mountains beneath the rolling
 hills known as the Piedmont Plateau contain evi-
dence of collisions between eastern North
 America and smaller terranes of continental frag-
ments and island chains prior to the North
 America–Africa collision (fig. .a, b). The 
 eventual collision between the larger continents
  (fig. .c, d) created a high mountain belt that 
 could be compared to the modern Himalayan
 Range that formed more recently when the Indian
 subcontinent collided with Asia.
 Sediment eroded off the rising Appalachian and
 Ouachita Mountains and filled inland marine basins
 adjacent to the mountains with mud and sand that
 became thick layers of shale and sandstone. Rivers
 carrying sediment to the inland seas created vast
 delta plains with extensive coal-forming swamps
 that covered the area of the present-day Appala-
chian Plateau to the eastern midcontinent (fig. 
  .). Over forty distinct coal beds in western 
 Kentucky are distributed in a -meter (, ft)
 vertical sequence of sedimentary rock strata (fig. 
  .a). The coal beds belong to repeating succes- 
sions of marine and nonmarine sedimentary rock
 deposits called cyclothems (fig. .b). The base of 
 a typical cyclothem consists of () marine shale
 and limestone overlain by () coarse-grained sand-
stones deposited by advancing deltas overlain by
 () river channel sandstones overlain by () coal
 representing delta-top marsh and swamp deposits.
 Clay beds, or   underclays, found beneath many coal
 seams, are ancient soils containing evidence of
 plant roots and soil structures.
 ?
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  VALLEY and RIDGETHRUSTBELT 
  BLUERIDGE 
  PIEDMONT 
  ATLANTICCOASTALPLAIN 
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  LATE-PALEOZOICRIFTS 
  EARLYMESOZOICRIFTS 
 Figure ..   Top: Landform provinces of the Appalachian region, Mid-Atlantic states of North America. Bottom: A geologic cross section showing
 the structure of the crust beneath the Appalachian region. Wavy, diagonal lines are thrust faults that represent fragmented sheets of crust that
 were broken, transported laterally, and stacked by the compressive force of continental collision during the Alleghenian Orogeny. Late Proterozoic
 Grenville granite crust was fragmented and pushed up over younger Lower Paleozoic sedimentary rocks in the Blue Ridge Mountains. Subsurface
 geology determined by geophysical methods.
 N
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  TACONIC 
  TERRANE 
  North American Plate 
  Avalonia Island Arc 
  A: LATESILURIAN 
 -
  420 Ma 
  Fold Belt Forms 
  Pangaea Supercontinent 
  D: LATEPENNSYLVANIAN 
 -
  290 Ma 
 Climax of Alleghenian Orogeny
  SEA 
 Formation of the Pangaea Supercontinent
  C: LATEMISSISSIPPIAN 
 -
  320 Ma 
  Early Alleghenian Orogeny 
  Ancient Ocean 
  Avalon Terrane 
  (New England) 
  Proto-African Plate 
  (Gondwanaland) 
  B: LATEDEVONIAN 
 -
  370 Ma 
  Acadian Orogeny 
 Figure ..   Cross sections of the lithosphere showing the progression of collisions between eastern North America and (A) Taconic Terrane
 (Ordovician collision, depicted in the Late Silurian), (B) Avalon Terrane (Late Devonian), (C-D) Africa (Late Mississippian and Late Pennsylvanian).
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 Figure ..   Paleogeography of eastern United
 States and West Africa during the Late Pennsyl-
vanian (Carboniferous) Period (ca.  Ma).
 Appalachian Mountain range formed during the
 collision between eastern North America and West
 Africa. Shallow seas covered the North American
 midcontinent, with shifting coastlines and vast
 wetlands that produced coal deposits. Note
 position of the equator (° latitude) across the
 region at this time. (G) is Great Smoky Mountains
 National Park and (S) is New River Gorge,
  Shenandoah National Park. 
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 column in the southern Illinois
 Basin for the coal-bearing units
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 Right: An idealized cyclothem,
 representing the sequence of
  sedimentary deposits between 
 coal beds, typical in the
  Appalachian and midcontinent 
  United States. 
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 Carboniferous cyclothems provide evidence of
 regular changes in sea level (transgression and re-
gression), similar to the formation of limestone
 cycles in the Cambrian-Ordovician seas (above).
 Coal in a cyclothem formed in a coastal swamp, so
 the overlying marine shale represents a significant
 and rather sudden rise in sea level. We can imagine
 that the coastline shifted landward as the sea level
 rose. Then, as rivers and deltas brought sediment
 from the land to the sea, the coastline gradually
 moved seaward again. The process of sea level rise-
fall and coastal advance-retreat must have repeated
 as many times as the number of cyclothems and
 coals in the stratigraphic sequence. There is good
 reason to suspect that the changing sea level in the
 Carboniferous Period is related to the successive ad-
vance and retreat of continental glaciers during mul-
tiple repeating ice ages. The approximate duration of
 a single cyclothem is estimated by dividing the
 number of cyclothems in a stratigraphic interval of
 known age determined by radiometric dating of vol-
canic ash layers in the strata. The age range from
 , to , years per cyclothem is consistent
 with climate patterns and fourth-order sea-level
 change, influenced by regular variations in the ec-
centricity of the Earth's orbit around the Sun.
  17.9. INTERLUDE: LIFE, DEATH, 
 AND LIFE AGAIN   (299–201   MA)
 The next one hundred million years of Earth
 history involved tremendous change. Amphibians
 and reptiles on the land continued to diversify
 during the Permian Period (– Ma), in-
cluding a variety of animals with mammal-like
 skull construction. Mesosaurs, found in South
 America and West Africa, provide evidence for the
 connection of the two continents forming Pangaea
 (fig. .). The small, lizard-like reptile lived in 
 freshwater and could not have migrated across an
 ocean between two continents.
 Going Further: Stratigraphic Cycles and Flood Geology
 In this chapter we examined two examples of stratigraphic cycles in Paleozoic sedimentary rocks: Cambrian-age lime-
stone-dolostone cycles (fig. .) and Pennsylvanian-age cyclothems composed of sandstone, shale, and coal (fig. .). 
 It is possible to compare each of the layers of rock in these cycles, distinguished by composition, sediment texture, bed-
ding structures, and fossil content, with sediment deposits in modern environments. Examples of modern environ-
ments include deltas, beaches, and carbonate coasts (see descriptions in §§ ..., ..., and ..., respectively,
 for each). Repetition of the distinct layers of rock in the cycles means that where the layers were deposited, conditions
 changed in a predicable manner over time. Both of these particular cycles contain evidence of conditions changing from
 deeper water (below the tides but not excessively deep) to very shallow water (just below sea level or in the tidal zone)
 to just above sea level (mudflats or delta plain swamps). The cycles appear to conform with fourth- and fifth-order sea-
level changes that are related to astronomically controlled global climate change and continental ice volume (more
 continental ice means lower sea level, and vice versa).
 This cyclic mode of deposition is impossible according the global-flood concept of sediments accumulating in deep,
 turbulent water. That cycles repeat scores of times in vertical sequence of rock over hundreds to thousands of meters
 thick indicates that for the entire time of accumulation the layers of the cycles were deposited under normal (actualistic)
 conditions. It also demonstrates that most sedimentary rocks do not accumulate continuously and gradually “one grain
 at a time,” the common flood-geology claim about uniformitarian geology. Rather, layers accumulate episodically as
 depositional systems move landward or seaward with regular changes in sea level.
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 Paleontologists discovered that  percent of
 all marine species and  percent of terrestrial
 vertebrate species vanished over a short period of
 time at the end of the Permian Period. This
 greatest of all mass extinctions in the Earth's
 history may have been caused by dramatic climate
 change and toxic ocean conditions resulting from
 massive and prolonged volcanic activity in
 present-day Siberia.   The amount of CO  added to
 the atmosphere and ocean caused the collapse of
 the global ecosystem because oceans became
 warmer and more acidic. After a few million years
 of recovery, new groups of animals emerged to
 create new ecosystems on land and in the sea.
 Reptile groups diversified over the course of the
 Triassic Period (– Ma), including the ap-
pearance of dinosaurs about  Ma.
  10 
  Douglas H. Erwin, 
 Extinction: How Life on Earth Nearly Ended
  Million Years Ago, updated ed. (Princeton, NJ: Princeton
  University Press, ). 
 A significant flood-geology idea involving cyclothems is that extensive coal deposits were not formed on terrestrial
 or delta plain swamps and bogs. Rather, the coal beds are compressed remains of submerged rafts of logs and vegeta-
tion (peat) that were distributed by surface currents of the global deluge. In fact, peat mats are common in some
 swamps, where a layer of organic-rich material (mat) literally floats over a shallow pond. Recent creationists envision
 that vast floating forests existed on the margins of continents in the pre-Flood world. Stacks of these organic mats ac-
cumulated between layers of shale and sand during the Flood.a  By analogy, they point to floating log mats that formed
 in Spirit Lake from timber downed during the catastrophic eruption of Mount St. Helens in .b
 Most geologists reject this model for coal formation for many reasons. The analogy to Spirit Lake fails because the
 conditions there are impossible to scale up to the extent and thickness of ancient coal deposits. If the organic mats had
 dispersed over the floodwaters from their source, why would more than forty layers coincidentally accumulate in the
 same spot, such as in the coal basins of North America (fig. .)? Coal geologists describe clay-soil layers (underclay) 
 beneath coal beds with plant roots, indicating that the coal layers did not sink onto the seafloor but developed on “solid
 ground” (fig. .). Finally, many coal beds are cut by sand-filled, meandering channels from river systems that flowed 
 through the terrestrial swamps where the coal accumulated. It is unlikely that time would permit submarine channels
 to cut and meander across submerged peat mats in the global-flood scenario.
 a
 Steven A. Austin, “Depositional Environment of the Kentucky No.  Coal Bed (Middle Pennsylvanian) of Western Kentucky, with Special Reference to the
 Origin of Coal Lithotypes”(PhD diss., Pennsylvania State University, ).
 b
 Harold G. Coffin,“Mount St. Helens and Spirit Lake,”Origins
  (): -; Steven A. Austin,“Mount St. Helens and Catastrophism,”Impact    (): .
 Figure ..   Freshwater reptile   Mesosaurus tenuidens, Permian ( Ma),
 Parana Basin, Brazil. The animal would have measured  cm ( in) long.






[image: ]
  316 
  PART THREE: ORIGIN AND GEOLOGIC HISTORY OF EARTH 
 Erosion significantly reduced the elevation of
 the Appalachian and Ouachita Mountains by the
 end of the Permian Period ( Ma). Hot zones in
 the upper mantle beneath Pangaea resulted in
 forces that stretched the continental crust and
 created interconnected rift valleys. The valleys
 widened throughout the Triassic as the crust con-
tinued to stretch and break along linear fault zones,
 probably similar to the structure of the East Africa
 Rift today. Thick salt deposits formed in rift basins
 that were intermittently connected to the greater
 ocean. Some of these rift valleys were stretched so
 thin that underlying continental crust separated
 and ocean crust began to form in the center of the
 rifts by volcanic eruptions of basalt. Eventually,
 new tectonic-plate boundaries and narrow seaways
 outlined the mosaic of fragmented continental
 crust of the former supercontinent.
  17.10. SCENE FIVE: DINOSAURS, 
  DESERTS, AND GRANITE 
 (JURASSIC PERIOD, 201–145   MA)
 The Jurassic Period comprises fifty-six million years
 in the middle of the Mesozoic Era, between the Tri-
assic and Cretaceous Periods. Continued fragmen-
tation of Pangaea opened the Gulf of Mexico and
 Atlantic Ocean between North America and Africa–
 South America (fig. .). Thick deposits of salt, 
 shale, and limestone accumulated along the conti-
nental shelves rimming the new ocean basins. The
 combination of organic carbon-rich shale (mostly
 from marine algae buried with the muddy sed-
iment) and porous limestone produced significant
 petroleum resources now exploited from eastern
 Mexico, across the USGulf Coast, to Arabia and the
 Persian Gulf. While erosion continued to lower the
 Appalachian-Ouachita uplands in the eastern
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 Figure ..   Global paleogeography during the Middle Jurassic Period, about . Ma.
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 United States, tectonic activity in the west was cre-
 ating mountains. 
 A series of volcanic islands formed off the
 western margin of North America above an
 eastward-descending subduction zone, somewhat
 similar to the relationship between Japan and
 mainland Asia today (fig. ., top). Occasionally 
 islands attached to the subducting ocean crust col-
lided with western North America, adding land to
 its western margin (essentially moving the west
 coastline further westward, from western Nevada
 to central California). Continental crust above the
 subduction zone descending beneath North
 America was heated to the point of melting to
 produce granite magma. The resulting batholiths
 (large plutons) of granite that crystallized below
 volcanic mountains along the Jurassic coast are
 now exposed in the Sierra Nevada Range of Cali-
fornia (fig. ., bottom). 
 Inland from the coastal volcanic mountain range,
 compressional forces in the crust broke thick slabs
 of crust into horizontal sheets that piled up against
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 Figure ..   Top: Paleogeographic map of
 the western United States during the Late
 Early Jurassic Period (ca.  Ma). Y is
 Yosemite National Park, Z is Zion National
 Park, and D is Dinosaur National
 Monument. Bottom: Cross section of the
 crust between line A-A'on map a, showing
 the lithospheric plate boundary marked by
 the trench-subduction zone located just
 west of the present California-Nevada
 border. Granite batholiths formed as
 continental crust melted above the
 subduction zone, feeding explosive
 magma to volcanic mountains along the
 coast. Compression created a thrust belt
 east of the magmatic arc, with the
 thickened crust causing the region east of
 the thrust belt to depress and form an
  inland sea. 
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 one another in the same way that crust was de-
formed during the Appalachian Mountain orog-
enies. This caused the crust to thicken and sink
 toward the mantle, lowering the surface of the con-
tinent eastward of the zone of deformation and cre-
ating a long basin that was sometimes below sea
 level. Seawater filled the shallow basin, and north
 winds blew against its southern shore. Sand around
 the coastline of the basin formed a broad desert floor
 covering large portions of the Colorado Plateau
 region. Huge dunes marched across the desert,
 similar to modern deserts in North Africa and Saudi
 Arabia. The migrating dunes left layers of cross-
bedded sand, now exposed in the canyon walls at
 Zion and Capitol Reef National Parks (fig. .). 
 Jurassic life is represented in the impressive in
 situ displays of bone in bedrock at Dinosaur Na-
tional Monument, located along the Colorado-
Utah border (fig. .). Dinosaurs are a group of 
 diapsid reptiles.   Living diapsids include lizards,
 snakes, crocodiles, and birds. Dinosaurs recovered
 from the Morrison Formation at Dinosaur Na-
tional Monument include   Allosaurus,   Apato-
saurus,   Diplodocus,   Barosaurus,   Camarasaurus,
 Camptosaurus, and   Stegosaurus. Other animals
 included a variety of lizards, turtles, crocodiles,
 amphibians, and the rat-sized mammal   Glirodon
 grandis.   The Morrison Formation contains evi-
dence of river channels through broad floodplains
  11 
  Latin 
  in situ 
 means “in place.” Visitors to Dinosaur National
 Monument see a quarry containing abundant, large dinosaur
 bones that have been uncovered but not extracted from the
 bedrock in which they were buried.
  12 
  Diapsid 
 is a term for reptiles featuring two holes on each side of
 their skulls, above and below the eye opening.
 Figure ..   Thick, cross-bedded sandstone strata in a vertical mesa wall at Zion National Park. Deposits from three dunes are shown, two in the
 lower sand body and one in the upper sand body (separated by the horizontal bedding contact running across the center of the photograph).
 Slope of the cross bedding in the upper sand body indicates dune migration and prevailing wind direction from left to right. Image horizontal
 distance is about ten meters.
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 that were covered by ferns and conifer trees and
 spotted with lakes and ponds. Large bones are
 mostly found in channel deposits, probably having
 been swept up by flash floods. Rocks of the same
 age in Bavaria, Germany, contain many other Ju-
rassic animals and plants, including the famous
 fossil   Archaeopteryx, which shares characteristics
 of birds and reptiles.
  17.11. INTERLUDE: DINOSAUR 
  APOCALYPSE (145–56 MA) 
 Dinosaur domination of terrestrial Earth eco-
systems continued during the Cretaceous Period
 (– Ma). Even the seas contained leviathan
 swimming reptiles, including mosasaurs, ichthyo-
saurs, plesiosaurs, and pliosaurs. Mammal di-
versity was limited to only a few orders, mostly
 thought to be rodent-size marsupials. Angio-
sperms (flowering plants), hardwood trees, and
 grasses appeared during the Cretaceous Period.
 Reefs in the sea were largely constructed by a
 group of (now extinct) cone-shaped, bivalve mol-
 lusks called rudists. 
 Sudden death came to  percent or more of
 the planet's species at the end of the Cretaceous
 Period. During the last two million years of the
 Cretaceous, eruptions of basaltic lava covered over
 a million square kilometers (. million square
 miles) of central India up to two kilometers (.
 miles) deep. The deposits and associated landforms
 of the basalt flows are called the Deccan Traps.
 The amount of CO  and other toxic gases added to
 the atmosphere created a long-term, global envi-
ronmental crisis, promoting declines in popula-
tions and extinctions.   The impact of a massive,
  13Trapp 
 is the Swedish word for “stairs,” applied to the step-like
 appearance of hill slopes in the region.
  14 
 Blaire Schoene et al., “U-Pb Geochronology of the Deccan Traps
 and Relation to the End-Cretaceous Mass Extinction,”   Science
   (): -. 
 Figure ..   Dinosaur bones at Dinosaur National Monument. Image horizontal distance is about five meters.
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 ten-kilometer-diameter (-mile) asteroid at  Ma
 delivered the final blow. The asteroid-impact hy-
pothesis is based on the discovery of unusual con-
centrations of the element iridium in clay layers
 separating Cretaceous and overlying Paleogene
 system strata.   Iridium is rare in the Earth's crust
 but abundant in many meteorites and asteroids.
 Other particles found in the boundary layer in-
clude microscopic, glass-melt spherules and
 quartz silt deformed by shock metamorphism. The
 impact is associated with a crater some  kilo-
meters ( miles) in diameter, buried beneath
  15 
 Luis W. Alvarez et al., “Extraterrestrial Cause for the Creta-
ceous–Tertiary Extinction,”   Science    (): -.
 coastal Yucatan Peninsula, Mexico. There is recent
 field evidence that the impact may have triggered
 additional volcanic venting in the Deccan Traps.
 The dinosaur dynasty ended, but most paleon-
tologists believe that modern birds descended
 from Jurassic-age theropod dinosaurs. Other sur-
vivors of the extinction included a few groups of
 marsupial and placental mammals. The latter
 mammal group diversified most significantly,
 filling ecological space abandoned by the dino-
saurs. By the end of this interlude, at  Ma, most
 of the modern taxonomic orders of mammals were
 present on the planet, though the archaic mammals
 bore little resemblance to modern mammals.
 Going Further: Dinosaurs and Flood Geology
 Dinosaurs capture the imaginations of children and adults alike, inspiring movies, countless picture books, realistic toys,
 and museum exhibits where their bones are displayed. Despite evidence that the last ancient dinosaur roamed the Earth
 some sixty-six million years ago, many recent creationists insist that dinosaurs and humans probably coexisted on the
 early Earth. Some believe that the biblical behemoth (Job ) is a realistic description of a dinosaur, though traditionally
 the behemoth has been identified as a hippopotamus, crocodile, or some mythical creature from ANE literature. Some
 recent-creationist authors write with certainty that dragon legends reflect the ancient memory of dinosaurs in human
 history. For many years recent creationists believed that dinosaur tracks exposed in the Glen Rose Formation along the
 Paluxy River in Texas also contained human footprints. However, these were proven to be naturally altered dinosaur
 prints or carved hoaxes (based on careful work by both recent-creationist and mainstream scientists).
 The very existence of dinosaur tracks is problematic for flood geology. The tracks, along with dinosaur bones, are
 restricted to sedimentary strata deposited during the Mesozoic Era. For instance, most of the formations comprising
 some , meters (, ft) of Mesozoic strata in the Grand Staircase region of the Colorado Plateau contain beds with
 dinosaur tracks. In contrast, no dinosaur tracks are found in any of the older Paleozoic formations exposed in the Grand
 Canyon. Many flood geologists believe that Mesozoic strata accumulated during the late stages of the Flood, from day
  to the end of the year. “The water receded steadily from the earth. At the end of the hundred and fifty days the water
  had gone down....  The waters continued to recede until the tenth month, and on the first day of the tenth month the 
 tops of the mountains became visible” (Gen :, ).
 a
 Allan Steel, “Could Behemoth Have Been a Dinosaur?,”   Journal of Creation    (): -.
 b
 The claim for dinosaur-human coexistence is not elaborated in recent creationist scientific literature, but the idea is promoted in children's books, videos,
 exhibits, and websites. See https://answersingenesis.org/dinosaurs/. 
 c
 Gle Kuban, “The Taylor Site ‘Man Tracks,'”   Origins Research
  (Spring/Summer ): -; Ronnie Jack Hastings, “New Observations on Paluxy Tracks
 Confirm Their Dinosaurian Origin,”Journal of Geological Education    (): -; “Rise and Fall of the Paluxy Man Tracks,”   Perspectives on Science and
 Christian Faith    (): -.
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  17.12. SCENE SIX: MOUNTAINS 
  AND MAMMALS (EOCENE AND 
  OLIGOCENE EPOCHS, 56–23 MA) 
 The Paleogene Period (– Ma) is subdivided
 into three epochs: Paleocene (– Ma), Eocene
 (– Ma), and Oligocene (– Ma). We will
 focus on the last two epochs, between  and 
 Ma, an interval of Earth in transition. Significant
 shifts in the positions of the continents since the
 Jurassic (fig. .) led to a nearly modern ap- 
pearance of the Earth's face by the early Oligocene
 (fig. .). North and South America were sepa- 
rated by a narrow sea passage where the nations of
 southern Central America exist today. An ever-
widening Atlantic Ocean separated the Americas
 from Europe and Africa. Perhaps the most striking
 divergence from a modern map is the fragmented
 distribution of island terranes between Southeast
 Asia and the European Mediterranean regions.
 Arrows indicating plate motions in figure . 
 forecast the eventual collision and fusion of these
 terranes into the existing Himalayan-Zagros-
Taurus-Alpine mountain belt and associated
  upland plateaus. 
 During the Eocene, magmatic activity in
 western North America that was previously concen-
trated along the coastline moved eastward toward
 Idaho and Arizona. It is possible that the angle of
 the descending (subducting) Pacific Ocean litho-
sphere shallowed, almost gliding along the un-
derside of the North American continental litho-
sphere. The buoyancy of this doubly thick
 lithosphere, added to the tremendous forces of
 lateral compression, resulted in blocky uplift that
 initiated the rise of the modern Rocky Mountains
 north to south in the United States from Montana
 Figure ..   Global paleogeography during the late Eocene Epoch, about  Ma.
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 to northeastern New Mexico. This is known as the
 Laramide orogeny. Broad lakes surrounded by lush
 vegetation and teeming with fish filled depressions
 between the young mountain ranges. The diversity
 and abundance of aquatic life preserved in Eocene
 lake deposits reflect a vibrant ecosystem (fig. .). 
 Some lakes experienced repeated evaporation and
 refilling, creating beds of sodium carbonate (trona)
 that are mined for the production of glass, indus-
trial chemicals, detergents, paper, and textiles. Wet-
lands covered other basins, depositing thick coal
 beds that have provided electrical power across the
 North American continent for the past century.
 The Oligocene Epoch marked a change from the
 extended period of warm global climate over the
 Earth that characterized the entire Mesozoic Era to
 cooler climate and the initiation of Antarctic ice
 sheets. Volcanic activity in the Rockies accom-
panied continued mountain building even as the
 forces of erosion supplied sediment to the sur-
rounding basins and plains. Fossil life preserved in
 the South Dakota Badlands reveals a forest eco-
system inhabited by browsing and predatory
 mammals, including primitive three-toed horses,
 camels, sheep-like oreodonts, rhino-like titano-
theres, predatory creodonts, the wild boar–like
 Archaeotherium, rabbits, beavers, land turtles, ro-
dents, birds, and other animals that resemble (but
 are not related to) modern antelopes and deer.
 Erosion of muddy Oligocene and Miocene Epoch
 deposits in the South Dakota Badlands reveals
 layer on multicolored layer of forest soils mixed
 with volcanic ash deposits (fig. .). Over eighty 
 distinct soil (or paleosol) horizons are identified in
  the Badlands strata. 
 Warm global climate during the Early Pa-
leogene Period also corresponded with the diver-
sification of prosimian (premonkey) primates on
 continents of both hemispheres. These small,
 squirrel-like animals lived in the trees of forests
 that covered the globe. Global cooling starting
 during the Oligocene Epoch reduced the forested
 area in the Northern Hemisphere so that primate
 populations thrived only in Africa. The earliest
 anthropoid primates appeared there in the Late
 Eocene. Anthropoids include Old and New World
 monkeys, apes, and humans. Abundant early an-
thropoid fossils, including   Apidium   and   Aeypto-
pithecus, were discovered in Oligocene deposits
 in the El Faiyum basin of Egypt, west of the Nile
 Valley, some one hundred kilometers southwest
 of Cairo. The first true ape,   Rukwapithecus fleaglei,
 was discovered in the Rukwa Rift of Tanzania.
  17.13. INTERLUDE: THE NEOGENE 
  PERIOD (23–2.6 MA) 
 Two epochs span the Neogene Period: Miocene
 (–. Ma) and Pliocene (.–. Ma). Climates
 around the world continued to cool with the effect
 of land occupied by jungles giving way to savannas
 (grasslands) and browsing animals being displaced
 by grazing animals. The fossil record of horses il-
lustrates this transition, with Paleogene species
 characterized by smaller, three-toed horses with
  16 
 Cleophas C. O'Harra,   “
 The White River Badlands,”   South Da-
kota School of Mines Bulletin   no.  (November ).
  17 
  Greg J. Retallack, 
 Late Eocene and Oligocene Paleosols from Bad-
lands National Park, South Dakota, Special Paper  (Boulder,
 CO: Geological Society of America, ).
  18 
 Nancy J. Stevens et al., “Palaeontological Evidence for an Oligo-
cene Divergence Between Old World Monkeys and Apes,”   Na-
ture    (): -.
 Figure ..   Eocene fish   Phareodus encaustus, Green River Formation,
 Wyoming. The specimen is . cm ( in) long.
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 teeth adapted for browsing twigs and leaves in a
 woodland setting. Neogene horses are larger, with
 a single toe (hoof) and thickly enameled teeth
 adapted for grazing silica-rich prairie grass. Longer,
 hoofed legs provided agility and speed to escape
 predators in the open savannas.
 The anthropoid superfamily that includes apes,
 chimpanzees, and humans (hominoids) diver-
sified in Africa during the Miocene Epoch (see fig. 
  .). Early apes include Proconsul, Dryopithecus, 
 and   Sivapithecus.   Salhelanthropus tchadensis   from
 Miocene deposits in central Africa is the earliest
 known hominin, the taxonomic tribe that includes
 chimpanzees and humans. Hominins diversified
 in east Africa during the Pliocene Epoch, including
 Ardipithicus ramidus, the   Australopiths, and   Paran-
thropus   (see §§ .., ..).
 Moving lithospheric plates pushed continents
 into modern positions during this period. India
 completed its northward trek on a lithospheric
 plate that collided with Asia, with multiple mi-
crocontinents in between, creating the Hima-
  19 
 See Russell H. Tuttle,
 Apes and Human Evolution   (Cambridge,
 MA: Harvard University Press, ), for a comprehensive treat-
ment of the topic.
 layan Mountains and Tibetan Plateau. At about
 the same time, the Alps formed as the African
 plate pushed against Europe. During the Late
 Miocene (–. Ma), the early Mediterranean Sea
 was sealed from western and eastern ocean basins
 and repeatedly dried up, depositing up to two
 thousand meters of salt and gypsum. Another
 shift in lithospheric plates established the San
 Andreas Fault system along most of the California
 coast and stretched a vast region of land between
 the Rockies and the Sierra Nevada Mountains to
 create the Basin and Range Province. During the
 Pliocene Epoch, a land bridge formed between
 North and South America, leading to an exchange
 of animals between the two continents. Placental
 mammals from North America largely displaced
 and caused the extinction of many unique mar-
supial and placental mammals of South America.
 17.14.   SCENE SEVEN:   THE ICE
  AGE (PLEISTOCENE EPOCH, 
 2,600,000   MA TO   10   KA)
 Our last scene brings us to the very brink of
 modern Earth (fig. .). Uplift of the Alpine- 
Himalayan Mountain belt and closing of the
 Figure ..   Strata at Badlands National Park are defined by ancient soil horizons, stream channel deposits, and volcanic ash-fall layers.





[image: ]
  324 
  PART THREE: ORIGIN AND GEOLOGIC HISTORY OF EARTH 
 Going Further: The Ice Age and Flood Geology
 In chapter twelve  we discussed how many nineteenth-century geologists abandoned the idea of a recent creation, 
 but some continued to believe that scattered boulders and surficial deposits of gravel and sand were deposits from
 the flood of Noah (see § .). They called the deposits   diluvium. That changed after Professor Louis Agassiz deter-
mined that the deposits were related to glacial processes. Agassiz recognized that an ice age had occurred recently
  in Earth history. 
 Recent creationists have incorporated the Ice Age into their young-Earth framework. As with other events in Earth
 history, they dramatically compress the duration of the Ice Age. They also deny multiple advances and claim less ice ac-
cumulation than determined by mainstream geological field studies.
 Based on computer modeling of hypothetical climate effects, a recent creationist has proposed that the Ice Age
 was instigated after the Flood year.a  Floodwater sourced from “springs of the great deep” (Gen :) would have been
 hot because presumably it was derived from deep in the ocean crust. Fluids emanating from geothermal vents located
 along midocean ridges reached temperatures approaching  degrees Celsius ( degrees Fahrenheit). Thus, the
 global-flood ocean would have been hot, and the post-Flood ocean may have been as warm as thirty degrees Celsius
 (or ° Fahrenheit, corresponding to a hypothetical maximum temperature that might not seriously threaten marine
 life). Enhanced submarine volcanism during the Flood year could have contributed massive volumes of ash to the up-
per atmosphere (see § .., “Going Further: Rapid (Catastrophic) Plate Movement?”). It appears counterintuitive,
 but a warmer ocean might lead to higher levels of snowfall in the higher latitudes because of enhanced evaporation
 of ocean water (as much as three times normal, according to the models). The effect of the atmospheric ash would be
 to reflect incoming solar radiation to create longer, colder winters until the ash settled back to Earth. The author esti-
mates that maximum ice accumulation and advance could occur in about five hundred years and retreat over about
  one hundred years. 
 Other authors have tried to place the Ice Age in history.b  Their calculation assumes a minimum of about one hun-
dred years after the end of the Flood (dated at about  BC) for the beginning of the Ice Age, coinciding with the
 episode at the Tower of Babel, in which God scatters humanity all over the earth (Gen :-). The end of the Ice Age,
 some  years later, coincided with the appearance of the first cities in the Fertile Crescent, such as Ur in the time of
  Abram/Abraham. 
 The recent creationist explanation for the Ice Age provides an example of misleading deductive reasoning from
 accepted premises to a certain conclusion. Even though the Ice Age is not mentioned in the Bible, the general premise
 of one having existed in the past is accepted as true. The Ice Age must have been shorter in duration than indicated by
 the scientific evidence because it must fit within the recent-creation framework and must follow the events of the
 Genesis flood, interpreted as a global deluge (chap. ). A hypothetical model for rapid ice accumulation with intuitive 
 merit can be constructed, even simulated with a computer, without regard to supporting material (natural) evidence.
 For instance, the hypothesis lacks any evidence in the sedimentary record for a hot ocean or accumulation of the
 global ash dated at  BC.
 a
 Michael J. Ord, “APost-Flood Ice-Age Model Can Account for Quaternary Features,”   Origins    (): -.
 b
 Andrew A. Snelling and Mike Matthews,“When Was the Ice Age in Biblical History?,”Answers    (): -.
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 equatorial connection between the Atlantic and
 Pacific oceans during the Neogene Period con-
tributed to oceanic and atmospheric circulation
 patterns that promoted global climate cooling.
 Greenhouse CO  gas in the atmosphere may
 have been diminished by reactions with
 weathered bedrock shed off the rising moun-
tains (recall the weathering formula CaSiO
 +
 CO  → CaCO  + SiO  from § .). By the be-
ginning of the Pleistocene Epoch (. Ma), thick
 continental ice sheets covered the continent of
 Antarctica (centered on the South Pole) and
 Greenland (spanning the Arctic Circle). Cycles
 of global cooling and warming during the Pleis-
tocene resulted in the advance and retreat of ice
 sheets across continents in the Northern Hemi-
sphere and the growth of mountain glaciers
 around the world. Eight cycles, repeating over
 intervals of hundreds of thousands of years to
 tens of thousands of years, have been detected
 from glacial deposits in North America, Europe,
 and Asia as well as in deep-sea sediment cores.
 With each advance, the volume of water stored
 in these continental ice sheets, up to one
 thousand meters (, ft) thick, resulted in the
 lowering of sea level around the world by as
 much as  meters ( ft). Ice-sheet advance
 and retreat intervals are consistent with Earth
 orbital variations also attributed to stratigraphic
 cycles we described in Cambrian and Carbonif-
erous rocks (see §§ ., .).
 Evidence for extensive continental glaciation
 includes scratched bedrock and surface deposits of
 sand, gravel, and boulders that are comparable to
 deposits in and around active mountain glaciers.
 The Great Lakes formed by the erosive power of
 advancing ice sheets, and they filled with melt-
water during ice retreat. Moraines are curved
 ridges composed of sand and gravel concentrically
 outlining the shapes of former ice lobes that ad-
vanced from the margins of the massive ice sheets
 (fig. .). Many modern river courses across the 
 Figure ..   Global paleogeography during the Pleistocene Epoch, about  Ma.
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 Figure ..   Map showing the distribution of moraine deposits (typically forming low, curved ridges) in the Great Lakes and north-central
  United States. 
 Figure ..   The Perry Mastodon, discovered in  in Glen Ellyn, Illinois, is on display at Wheaton College. Bone and wood from the excavation site yield
 calendar-calibrated carbon- dates converging at about , years before present.
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 US midcontinent, including the Ohio, Missouri,
 and Illinois Rivers, were established by meltwater
 flowing from the retreating ice lobes. Temporary
 lakes developed in front of the retreating lobes,
 dammed by moraines and other topographic ob-
structions. The Channel Scablands of eastern
 Oregon and Washington formed during a cata-
strophic release of water stored in glacial lake Mis-
soula (see § . and fig. .). 
 Pleistocene life included large mammals that
 suffered from extinctions beginning about fifty
 thousand years ago and ending about twelve
 thousand years ago. North American megafauna,
 animals with bodies weighing over forty-four ki-
lograms (about  lbs), included the short-face
 bear, American lion, dire wolves, musk ox, saber-
toothed cats   Homotherium   and   Smilodon, giant
 armadillo-like   Glyptotherium, giant beaver   Cast-
eroides, mammoths, and mastodon (fig. .). 
 South American megafauna included the giant
 ground sloth   Megatherium   and a number of
 grazing, camel-like mammals. Australian mar-
supial megafauna and large flightless birds suf-
fered extinctions. Explanations for Pleistocene
 extinctions include rapid climate shifts, trans-
species epidemic disease, cosmic blast from a
 large space object exploding in the atmosphere,
 and hunting by a cunning new species making its
 way across the globe,   Homo sapiens.
  17.15. EPILOGUE: HUMANS IN 
  THE GEOLOGIC RECORD 
 Homo sapiens, the taxonomic designation for hu-
mankind, first appear in the fossil record about
 , years ago in rocks found along the Omo
 River in Ethiopia. Cultural evidence associated with
 Homo sapiens   is not widespread until about fifty
 thousand years ago at locations in Africa, Europe,
 Asia, and Australia. Such evidence includes sophis-
ticated stone tools, fish and land-animal harpoons,
 sewing needles, and even flutes for making music.
 Homo sapiens   emerged from the Pleistocene ice age
 as a survivor and possible best explanation for the
 megafauna extinctions, for on every continent the
 extinctions follow their arrival. Yet, for a time
 during the peak of the Ice Age,   Homo sapiens   coex-
isted with another species of the same genus,   Homo
 neanderthalensis, until the Neanderthals joined the
 ranks of extinct species about forty thousand years
 ago. The natural history of   Homo sapiens   and other
 hominin species will be the topic of part six.
 Our survey of Earth's geological history offers
 marvelous illustrations of how multiple regular-
ities of creation have dynamically shaped and re-
shaped the Earth over the eons, creation partici-
pating in its own development (..). This history
 also raises a number of theological issues that we
  turn to next. 
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  BIBLICAL AND THEOLOGICAL 
  PERSPECTIVES ON EARTH HISTORY 
  THIS CHAPTER COVERS: 
 Recent- and ancient-creation views
 Concordist and nonconcordist readings of
  Scripture and geology 
 Common-sense presuppositions in geology
 How the study of Earth's deep history is
  thoroughly scientific 
 The doctrine of creation and theological issues
 associated with accounts of Earth history
 At this point in the book (if you are keeping track),
 we have traveled across some fourteen billion years
 of cosmic and Earth history from the Big Bang to
 the most recent ice age. Congratulations for
 sticking with us. Our emphasis so far has been on
 the physical world of starlight and rocks, but we
 will soon turn to the biological world of living or-
ganisms. Before we leave this part of the book, it is
 appropriate to consider some biblical and theo-
logical perspectives that enrich our understanding
 of the record of creation, God's book of nature, as
 revealed by scientific investigation.
 Our objectives in chapters one through five in-
cluded providing readers some background for un-
derstanding and applying principles for inter-
preting Scripture, realizing the implications of a
 comprehensive doctrine of creation for scientific
 study, exploring the purviews of knowledge and
 faith in addressing origins questions, evaluating
 patterns for relating scientific and biblical accounts
 of origins, and, finally, discovering the meaning of
 the Genesis  account in its ANE cultural context.
 Here we will apply some of this to what we have
 learned about the scientific account of Earth history.
  18.1. RECENT- VERSUS 
  ANCIENT-CREATION VIEWS 
 The origin and early history of geological science
 was reviewed in chapter twelve  as a means of intro- 
ducing the basic principles of geology but also to
 show how scientists (including many professing
 Christians) and theologians engaged with the
 emerging and building evidence for deep time and
 an ancient creation. While most scientists and
 Bible scholars (even representing conservative
 theological traditions) abandoned a recent-
creation view by the middle of the nineteenth
 century, the view remains strong among many fun-
damentalist and evangelical Christian groups today.
 Several arguments from recent creationists
 were addressed in chapters fifteen through sev-
enteen, though by no means representing a com-
prehensive treatment of creation science.   It should
 be obvious that the difference between recent- and
 ancient-creation views is not trivial but stunning.
 Two timelines illustrate the contrasts in figure 
  .. Recent creationists compress the first four 
 billion years of Earth's history (as represented by
 Precambrian time) into the creation week plus
 several centuries leading up to the Flood. Tens of
 1
 Compilations of YEC geology are found in John D. Morris,   The
 Young Earth: The Real History of the Earth—Past, Present, and
 Future   (Green Forest, AR: Master Books, ); Andrew A. Snel-
ling,   Earth's Catastrophic Past: Geology, Creation and the Flood,
  vols. (Green Forest, AR: Master Books, ).
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 thousands of meters of Paleozoic and Mesozoic
 rocks around the world are said to have accumu-
lated in a single year, not the hundreds of millions
 of years by conventional geological understanding.
 A particular literal reading of creation week events
 determines the appearances of heavenly bodies
 and features on Earth that are inconsistent with
 the results of geological and astronomical studies,
 including two hundred years of field research on
 every continent and ocean basin as well as obser-
vations of planetary formation beyond our solar
 system. One motivation for YEC is that proponents
 believe mainstream cosmology and geology con-
tradict the biblical creation account and leave God
 out of the creation process. Over the course of
 parts two and three we have tried to show how a
 comprehensive doctrine of creation enables us to
 see ways where these sciences reveal creation's
 functional integrity (§ ..) and may suggest ways
 God has been at work in creation through its min-
isterial nature (§ ..).
  18.2. CONCORDIST AND 
  NONCONCORDIST READINGS 
  OF SCRIPTURE AND GEOLOGY 
 Contemporary Christians are fascinated by ques-
tions or explanations of how modern science re-
lates to the Bible. The sciences in view here are
 typically all about origins. Far less attention is paid
 to how medicine, weather forecasting, or other sci-
entific pursuits relate to the Bible. That said, we
 considered two basic patterns for relating scientific
 and biblical accounts of origins in chapter four: 
 concordism   and   nonconcordism. Each pattern can
 be applied in different ways, depending on how the
 reader values scientific and/or biblical information.
 ... Differing concordist approaches.   Concordism
 continues to be popular in Christian traditions that
 value the authority of Scripture as God's Word be-
cause of the purported concordance or harmony
 between biblical and scientific accounts of origins.
 We pointed out in section . that concordism is
  Creation week 
  6000 BP 
  4285BP 
  Beginning 
  13 .7Ga 
  Sun-Earth-Moon 
  4.6-4.4Ga 
  Ancient Creation View: 
  Recent Creation View: 
  123456 
  Earth 
  Continents 
  Sun-Moon-Stars 
  Flood Year 
  Fall-Curse 
  Precambrian 
  Galaxies 
  Present 
  550 Ma 
  250Ma 
  66 Ma 
  Ice Age 
  Paleozoic 
  Mesozoic 
  Ce 
  nozoic 
  BigBang 
 Figure ..   Timelines for recent and ancient views of creation history. In the recent-creation view, Earth and cosmic history spans no more than
 about six thousand years. In the ancient-creation view, several billions of years of cosmic history preceded the origin of the solar system, some .
  billion years ago. 
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 possible only in the modern era because the goal is
 to harmonize modern science (what we can objec-
tively observe and interpret using scientific
 methods) and the scriptural account. Seeking the
 “face value” or “plain sense” understanding of the
 texts seeks to honor the authority of Scripture, but
 that is generally practiced by imposing modern
 scientific meaning on the biblical language. Con-
cordism tends to privilege some form of scientific
 harmony over any other meanings.
 Advocates of a recent creation, attempting to
 honor a literal, plain-sense interpretation of the
 Bible, must reject modern scientific theories of
 origins or read alternative scientific meaning into
 Scripture. Here are some examples:
 And God said, “Let there be lights in the vault of
 the heavens to divide the day from the night, and
 they shall be signs for fixed times and for days
 and years, and they shall be lights in the vault of
 the heavens to light up the earth.” And so it was.
 And God made the two great lights, the great
 light for dominion of day and the small light for
 dominion of night, and the stars. And God
 placed them in the vault of the heavens to light
 up the earth and to have dominion over day and
 night and to divide the light from the darkness.
 And God saw that it was good. And it was evening
 and it was morning, fourth day. (Gen :-)
 Many recent creationists simply reject the nebular
 hypothesis for the formation of the solar system
 with the successive formation of Sun, Earth, and
 Moon over hundreds of millions of years as well as
 the billions of years over which the stars were made.
 The plain-sense reading of Genesis  seems to start
 with the creation of Earth on day one and the Sun
 and Moon on day four (see “Going Further: Are Pre-
cambrian Rocks Evidence of the Creation Week?” in
 §
 .). None of the heavenly bodies we currently
 observe in the universe were formed by natural pro-
cesses, because God did not establish those pro-
cesses until late in the creation week or after the fall.
 2
  Robert Alter, 
 The Five Books of Moses: A Translation with Com-
mentary   (New York: W. W. Norton, ), .
 From Your blast they fled,
 from the sound of Your thunder they
  scattered. 
 They went up the mountains,
 went down the valleys,
 to the place that You founded for them.
 A border You fixed so they could not cross,
 so they could not come back to cover the
  earth. (Ps :-) 
 An author defending a global flood interprets
 “valleys” in this verse to mean ocean “basins”
 (leave aside that the psalmist is clearly referring
 to Genesis :-, where the functional bound-
aries of land and water defined there are pictured
 as functioning in the ways the Israelites experi-
enced them, e.g., water flowing   through   valleys).
 In a similar manner, “springs of the great deep”
 in Genesis : are typically identified with deep-
ocean floor fractures, hydrothermal vents, or
  midocean ridges. 
 Conversely, readers who respect modern scien-
tific ideas about an ancient creation and attempt to
 show how they are consistent with, and even affirm,
 the biblical account follow another approach to
  concordism. For instance, 
 He sits enthroned above the circle of the earth,
 and its people are like grasshoppers.
 He stretches out the heavens like a canopy,
 and spreads them out like a tent to live in.
  (Is :) 
 They take this verse to confirm the ideas of a
 spherical earth and the Hubble expansion of the
 universe following the Big Bang.   Certainly,
 neither idea would be familiar to Isaiah, but this
 interpretation appears to provide a stunning
 3
  Robert Alter, 
 The Book of Psalms: A Translation with Commen-
tary   (New York: W. W. Norton, ), .
 4
  Tom Vail, ed., 
 Grand Canyon: A Different View   (Green Forest,
 AR: New Leaf, ), .
 5
  Alter, 
 Five Books of Moses, .
 6
  Walt Brown, 
 In the Beginning: Compelling Evidence for Creation and
 the Flood, th ed. (Phoenix: Center for Scientific Creation, ).
 7
  Hugh Ross, 
 A Matter of Days: Resolving a Creation Controversy
 (Colorado Springs: NavPress, ), -.
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 affirmation to modern readers of the Bible's au-
thority in areas of science.
 Returning to Genesis :-, since at least the
 time of Irenaeus (early second century AD) argu-
ments had been made that Genesis  was not a his-
torical, chronological account of creation. It made
 no sense to those readers that the Sun and the
 Moon, the great and small lights, would be made
 on the fourth day before light appears on the first
 day. Modern concordist readers, however, can
 appeal to events as they unfolded on the early
 Earth. Namely, the Sun and Moon were already
 made before the fourth day, but they were not
 visible from the Earth's surface until the dense,
 carbon dioxide–rich atmosphere cleared some
 billion years into the Paleoproterozoic Era.
 Ancient-Earth concordists have argued that the
 “daily” events described as days in Genesis  cannot
 possibly have happened in periods of twenty-four
 hours. For instance, if male and female humans are
 created on day six, and that day must include all of
 the events described in Genesis , how could this
 have taken place in twenty-four hours? How in one
 day could Adam, freshly created, name all of the
 animals and become lonely enough to desire a
 more suitable helper in the creation of Eve?
 Early geologists struggled to reconcile the order
 of creation events in the Genesis account with the
 order of events they interpreted from their geo-
logical field studies.   Textbooks from the nine-
teenth century typically include concluding
 chapters or postscripts featuring attempts at har-
monization of the “Mosaic accounts” with the
 book's scientific content. Several approaches to
 ancient-Earth concordism emerged to account for
 the discovery of deep time (see § .). In summary,
  they include: 
 •
 Chaos-restitution or gap view: Eons of geo-
logical time are accounted for in the very
 first verses of Genesis , which describes the
 8
 Davis A. Young, “Scripture in the Hands of Geologists (Part
 Two),”   Westminster Theological Journal    (): -.
 Earth in chaos, possibly after Satan and his
 rebellious angels ruined the original cre-
ation. The following six days of creation de-
scribe the sequence of re-creation events
 accomplished by God to set things right
 before the creation of humankind. In this
 approach, the Genesis flood may have made
 either trivial or significant contributions to
 global geology and the modern landscape.
 •
 Day-age views: More popular in the nine-
teenth century and continuing with modern
 Christian apologists are various day-age
 views. Most typically, the days are construed
 as corresponding with vast spans of geologic
 time.   Alternatively, each day in the account
 could be a literal period of twenty-four hours
 in which creative acts are announced and
 the creative action is accomplished between
 vast spans of geologic time between each
 day.   Other interpreters see the creative
 events of Genesis  representing geologic
 history as revealed to the author, Moses, by
 God over a period of a week spent on Mount
 Sinai (revelatory day-age view).
 •
 Apparent-age view: Recent creationists oc-
casionally appeal to the idea that some ob-
jects in creation were made by God with
 the appearance of age. This could apply to
 rocks formed during the creation week,
 entire planets, and even the light traveling
 from distant stars and galaxies toward the
 Earth. They argue that any object created
 to be mature or fully functional would
 naturally have the appearance of a history
 of formation. For instance, mature trees
 placed in the Garden of Eden would have
 rings allowing normal circulation of fluids
 9
  Hugh Ross, 
 Creation and Time: A Biblical and Scientific Perspec-
tive on the Creation-Date Controversy   (Colorado Springs: Nav-
 Press, ). 
  10 
 Robert C. Newman and Herman J. Eckelmann Jr.,   Genesis One
 and the Origin of the Earth   (Downers Grove, IL: InterVarsity
  Press, ). 
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 and nutrients. This is an old idea that is
 often attributed to British naturalist Philip
 Henry Gosse (–) in his book   Om-
phalos: An Attempt to Untie the Geological
 Knot   (published in ). Gosse wanted to
 harmonize the emerging geologic account
 of an ancient creation with Scripture. He
 argued that Adam, though created fully
 formed as an adult, must have had a navel
 (omphalos   is the Greek word for “navel”).
 Apparent-age supporters also refer to the
 account of Jesus when he turned water into
 wine at the wedding in Cana (Jn :-).
 They imply that the wine must have pos-
sessed all of the qualities of wine produced
 from fermented grapes, for on tasting it
 the master of the banquet was convinced
 that it was better than the wine that had
 run out. The most common criticism of ap-
parent age is that it appears to make God a
 deceiver by building a fake history into his
 creation. Gosse was hardly taken seriously
 by contemporary geologists and theolo-
gians.   In conceding that protracted
 history of formation is evident in many
 rocks and geological structures, modern
 recent creationists offer that fallen hu-
manity is likely to conclude that creation is
 old, so God graciously provided the correct
 order of creation events in Genesis.   Yet
 this view denies important elements of the
 doctrine of creation: that creation genu-
inely participates with God in its own cre-
ation (§§ .., ..) and that God creates
 through creation's functional integrity (
  §§ 
 .., ..), Finally, any appeal to creation
 with apparent age raises serious philo-
sophical questions. Namely, if creation is
  11 
 Martin J. S. Rudwick,
 Earth's Deep History: How It Was Discov-
ered and Why It Matters   (Chicago: University of Chicago Press,
  ), . 
  12 
 John D. Morris, “Did God Create with Appearance of Age?,”   Acts
 & Facts    ().
 filled with objects instantly created with
 innate maturity, how can we be certain
 that even our own past is real and not im-
planted in our minds by God to make our-
selves feel older than we really are.
 In these examples, we see that both ancient- and
 recent-creation views can follow from a concordist
 reading of Scripture. Clearly, recent-creationist ap-
proaches show more of a   Bible-first   preference (
 §
 .), in which Scripture is privileged over scientific
 inquiry. Concordist ancient-creation approaches
 appear, at least, to lean in the direction of a   science-
first   preference. Critics of the concordist ancient-
creation view argue that biblical understanding is
 derived from science (an undesirable compromise),
 but advocates counter that finding modern scien-
tific meaning in the Scriptures only affirms their
 authority and divine origin. In both cases, con-
cordist readings value science as an apologetic tool
 for defending the inerrancy and contemporary
 relevance of the Bible. Ironically, relying on our
 modern sciences to clarify the meaning of
 Scripture reads right out of the scientism playbook
 that only “scientific” meanings count (§ ..).
 ... Differing nonconcordist approaches.   Noncon-
cordist readings of origin accounts in Scripture
 avoid entanglement with modern scientific
 meanings in favor of understanding the text in its
 ancient cultural context and the overall message of
 Scripture (chap. ). Nonconcordist approaches 
 usually involve blends of various aspects drawn
 from parallel studies of biblical literature and the
 ancient cultures of the biblical writers.
 Nonconcordist approaches recognize the im-
portance of literary genre in discovering the
 meaning of Scripture. Scholars differ on the very
 nature or genre of Genesis – (even Gen –). It
 differs from contemporary understandings of his-
torical narrative in that it contains abundant figu-
rative language including metaphors and anthro-
pomorphisms that represent God and his activities
 in creation. Some scholars recognize a poetic
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 format that conveys an artistic telling of primeval
 history.   Others recognize that Genesis shares a
 common cosmology with ANE cultures that would
 have been familiar to the ancient Hebrews (chap. 
 ). Nevertheless, Genesis  is advocating a clearly 
 monotheistic origin to that cosmogony.   Some
 Bible scholars argue that origin accounts in the
 Bible reflect ancient scientific understandings of
 the world that are no longer supported by modern
 science. Nevertheless, these accounts can still
 carry the authority of divine inspiration because,
 as Reformer John Calvin recognized, God could
 and did regularly accommodate himself in his
 Word to the language and understanding of the
 ancient world to communicate his truth.
 Some have argued that Genesis  provides a lit-
erary framework that introduces the problem of
 chaos at the beginning of creation and its solution
 in God's creative acts over six days (table .). 
 Initial conditions “in the beginning” include
  13 
  Charles E. Hummel, 
 The Galileo Connection   (Downers Grove,
 IL: InterVarsity Press, ).
  14 
  Cosmogony 
 is a theory or story for coming into existence. Typi-
cal ANE cosmogonies involved the movement from chaos to
  order. 
  15 
  Conrad Hyers, 
 The Meaning of Creation: Genesis and Modern
 Science   (Atlanta: John Knox, ); James K. Hoffmeier, “Some
 Thoughts on Genesis  &  and Egyptian Cosmology,”   Journal of
 Ancient Near Eastern Religions    (): -. Some of these
 authors go further and suggest that there is a polemic against
 pagan ideas of origins and the re-presentation of a monotheistic
 cosmogony in Gen – as well.
  16 
 Davis A. Young and Ralph F. Stearley,   The Bible, Rocks and Time:
 Geological Evidence for the Age of the Earth   (Downers Grove, IL:
 InterVarsity Press, ), -.
 darkness, deep water, and the Earth without form.
 Days one through three involve creative acts by
 God of preparation. In parallel succession, days
 four through six involve population, or filling, of
 spaces prepared during days one through three.
 Recent scholarship on ANE literature is re-
vealing significant information that provides the
 cultural context for understanding Genesis ac-
counts of creation and the Flood (see chaps.  and 
  ). This background reinforces the view that bib- 
lical accounts of origins are devoid of modern sci-
entific meaning and unconcerned with modern
 preoccupations with how things work and pro-
cesses of formation. The ANE reader would have
 understood the creation accounts to be revealing
 God's role in bringing purposeful order by as-
signing function to materials the Creator has al-
ready made—functions pertaining to humans
 living in sacred space. The narrative of Genesis 
 follows the motif of widely known and practiced
 temple-dedication rituals at the time the Bible was
 written (chap. ). In Genesis , God is preparing or 
 dedicating his cosmic temple over six days for his
 rest (or subsequent reign over creation) on the
  seventh day. 
  18.3. COMMON-SENSE 
  PRESUPPOSITIONS IN GEOLOGY 
 In light of the vast differences between advocates
 of a recent versus an ancient creation, it is not im-
pertinent to ask, “How can the two camps look at
 the same information from God's two books (the
 Table ..   A proposed literary framework for Genesis 
  Problem (Gen 1:2) 
  Darkness 
  Preparation (days 1-3) 
 1a Creation of light (day)
 1b Separation from darkness (night)
  Population (days 4-6) 
 4a Creation of Sun
 4b Creation of Moon, stars
  Watery abyss 
 2a Creation of firmament
 2b Separation of waters above from waters
  below 
 5a Creation of birds
 5b Creation of fish
  Formless Earth 
 3a Separation of Earth from sea
 3b Creation of vegetation
 6a Creation of land animals
 6b Creation of humans
 Source:   Conrad Hyers, “The Narrative Form of Genesis 1: Cosmogonic, Yes; Scientific, No,”   Journal of the American Scientific Affiliation   36 (December 1984): 208-15.
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 Bible and the natural world) and come to such di-
vergent conclusions?” Much of the disparity can be
 traced to differing presuppositions at the front
 ends of their inquiries. Presuppositions are indeed
 significant in the practice of science—more gen-
erally, with any form of inquiry—as discussed in
  chapter three. There, we distinguished between 
 basic presuppositions that make the practice of
 science possible in the first place and specialized
 presuppositions specific to various scientific disci-
plines. The following are comments on the basic
 and common-sense presuppositions as they bear
 on the problem of interpreting scientific data re-
lated to Earth origins and history.
 ... Provisional truth/conditional certainty.   While
 scientists assume that “the truth is out there,” they
 cannot do any better than to discover a kind of   pro-
visional   truth (§ ..). That is because our scien-
tific data set is provisional, as are our instruments
 for collecting the data and our interpretations of
 our data and instruments. Scientists are satisfied
 with the old courtroom axioms of   knowledge
 beyond a reasonable doubt   based on the   prepon-
derance of evidence.   Recent creationists do not
 hold themselves to the presupposition of provi-
sional truth, because they begin their study with a
 commitment to what they have determined as ab-
solute truth from an authoritative Bible. Returning
 to Genesis :-, they must ignore all of the astro-
nomical and geological evidence for the devel-
opment of the solar system to argue that the Earth
 was created on day one, and the Sun, Moon, and
 stars on day four of the creation week, only about
 six thousand years ago. In this case, the presup-
position has its basis in a version of Christian the-
ology, but not in the realm of scientific inquiry. It
 is reasonable to ask: Should a theologically derived
 presupposition or interpretive framework precede
 an inquiry seeking a scientific outcome, and if so,
 which presupposition or framework? In this book
 we have sought to demonstrate that a compre-
hensive doctrine of creation is consistent with sci-
entific inquiry, neither replacing nor steering such
 inquiry in particular directions. Rather, scientific
 inquiry is a form of creation revelation (§ .), and
 the doctrine of creation illuminates ways that the
 triune Creator might be working through the very
 properties and processes studied by scientists. An
 authoritative Scripture does not imply a Bible-first
 approach to scientific inquiry (§ .).
 ... Existence of an external world.   Both ancient
 and recent creationists appear to agree on the
 Going Further: Books with Multiple Views
 on the Bible and Origins
 Differing views of evangelical Christian scholars on the Bible and origins are represented in a number of recent books
 that are written for a general audience and widely available. A brief selection:
 Carlson, Richard F., ed.   Science and Christianity: Four Views. Downers Grove, IL: InterVarsity Press, .
 Charles, J. Daryl, ed.   Reading Genesis –: An Evangelical Conversation. Peabody, MA: Hendrickson, .
 Haarsma, Deborah B., and Loren D. Haarsma.   Origins: Christian Perspectives on Creation, Evolution, and Intelligent De-
sign. nd ed. Grand Rapids: Faith Alive Christian Resources, .
 Moreland, J. P., and John Mark Reynolds, eds.   Three Views on Creation and Evolution. Grand Rapids: Zondervan, .
 Rau, Gerald.   Mapping the Origins Debate: Six Models of the Beginning of Everything. Downers Grove, IL: InterVarsity
  Press, . 
 Stump, J. B., ed.   Four Views on Creation, Evolution, and Intelligent Design. Grand Rapids: Zondervan, .
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 existence of a genuine, physical world (§ ..).
 This basic presupposition of science is well moti-
vated by the doctrine of creation—namely, that
 creation is distinct from the Creator (§ ..) and that
 creation is meant to be limited (§ ..) and
  philosophically defensible. 
 ... Basic reliability of sense experience and reason.
 There is mostly agreement between how ancient
 and recent creationists apply the presupposition
 that human senses and powers of reasoning are
 basically reliable (§ ..). However, there is an un-
dercurrent of skepticism in recent-creationist lit-
erature that fallen humans, while capable of docu-
menting appropriate observations of the natural
 world, are vulnerable to errant conclusions be-
cause they are supposedly biased toward excluding
 God from explanations or understanding of his
 creative acts. As John Morris writes, “This incom-
plete reasoning ability and lack of a complete
 desire for truth, coupled with lack of access or will-
ingness to discover and discern all the relevant
 data, as well as imperfect logical tools, leads to
 ‘science falsely so called' ( Timothy :).”   As we
 saw in section . and chapter four, there are good 
 reasons to think that this is not as significant a
 problem as recent creationists make it out to be.
 ... Uniformity of nature, consistent patterns, and
 intelligibility.   Scientific explanations build from the
 basic laws of nature and the confidence that those
 laws are constant across the cosmos (§§ .., ..,
 ..). A sentence from chapter three  bears re- 
peating: The very idea of searching out and discov-
ering laws of nature presupposes this kind of uni-
formity to creation, and this is exactly the kind of
 world we might expect based on the doctrine of
  17 
  Morris, 
  Young Earth 
 , . It is worth noting that the quotation
 marks used by the author imply a direct quote of the biblical
 text. In fact,  Tim : reads,  “Timothy, guard what has been
 entrusted to your care. Turn away from godless chatter and the
 opposing ideas of what is falsely called knowledge.” The Greek
 word   gnosis, sometimes translated as “science,” has a much
 broader meaning of knowledge and no relationship to modern
 science, which was developed in the seventeenth century.
 creation's insistence on functional integrity (
 §
 ..) and the ministerial nature of creation (
 §
 ..). Scientists, including most Christians in the
 sciences, see this uniformity of nature not only ap-
plying to the present and recent past but also to the
 distant past and for all times since the very first
 moments of the universe after the Big Bang. How
 is that presupposition tested? It is tested by astro-
nomical observations of natural events that oc-
curred in the distant past and by the observation
 of ancient geological features that are directly com-
parable to modern counterparts.
 In geology, there is a specific common-sense
 presupposition related to the uniformity of nature
 and consistent patterns.   Actualism, derived from
 nineteenth-century   uniformitarianism, is the pre-
supposition that processes operating to change the
 Earth in the present also operated in the past, al-
though past processes, even if the same as today,
 may have operated at different rates and with dif-
ferent intensities from those of the present (
 §
 .).   Natural catastrophic events, such as major
 regional floods, impacts by large space objects, and
 huge volcanic eruptions are not excluded from the
 presupposition. Actualism has been an extremely
 successful presupposition increasing our under-
standing as applied to the geology of the Earth,
 Moon, and other planets. Actualism does not force
 or necessarily lead one to an ancient-Earth con-
clusion, because it only provides a framework for
 interpreting rocks according to known or rea-
sonably inferred geological processes. There are
 indeed ancient rocks such as BIFs that do not pres-
ently form on the Earth (§ .). In that case, ge-
ologists try to understand the unique but natural
 conditions that might result in a particular rock,
 either by experiment or by inference from physical
 or chemical modeling. And according to the doc-
trine of creation, there is nothing in the study of
  18 
 Paraphrased from Robert L. Bates and Julia A. Jackson, eds.,
 Glossary of Geology   (Alexandria, VA: American Geological In-
 stitute, ). 
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 these natural processes suggesting that the triune
 Creator is not involved (§ .).
 Recent creationists must appeal to suspension
 of natural laws or “creation with apparent age” in
 the development of their scientific theories of
 origins. They reject actualism because it limits
 their scientific explanations to only natural
 causes, and in their understanding divine action
 is, at least apparently, restricted to miraculous,
 unmediated interventions in the course of cre-
ation history. They reason that God's creative
 activity was completed by the end of the creation
 week, and during that time he was not limited by
 natural laws. That being the case, it is surprising
 that prominent recent creationists even care
 about the geological record of the creation week
 (essentially, most of Precambrian time).   On the
 other hand, many recent creationists tend to
 avoid evoking miraculous acts associated with
 the Genesis flood and embrace a form of actu-
alism in their explanations for Paleozoic through
 Cenozoic geology (although they propose
 natural processes working at rates that far
 exceed normal values or values that most scien-
tists believe are possible).
 Often, the appeal to “supernatural” conditions
 in Earth history is strategic but generally rooted in
 theological rather than scientific presuppositions.
 For instance, evidence for constant radioactive
 decay rates, described in chapter fifteen, is a
 problem for the young-Earth model. Older dates
 based on modern decay rates might actually give a
 false old age for rocks if decay rates were faster in
 the past. In a recent-creationist project on radio-
active dating, D. Russell Humphreys estimated that
 decay rates would have to have been some ,
 times faster for a six-thousand-year-old rock to
 exhibit parent-daughter isotope ratios corre-
  19 
 Harry Dickens and Andrew A. Snelling, “Precambrian Geology
 and the Bible: AHarmony,”   Journal of Creation    (): -.
  20 
 Davis A. Young, “Flood Geology Is Uniformitarian!,”   Journal of
 the American Scientific Affiliation    (September ): -.
 sponding to some . billion years of decay.   Of
 course, the conventionally accepted date of .
 billion years is impossible because of the theo-
logical presupposition of an Earth no older than six
 thousand years. Humphreys recognized that accel-
erated radioactive decay in the past would produce
 radiation harmful to life. He concludes, in a hypo-
thetical proposal, that there could be three times
 in Earth history when the rates could have been
 accelerated with inconsequential biological effects:
 () during the first three days of the creation week
 before the origin of vegetation, () in the two mil-
lennia between creation week and the Flood, if
 radioactive elements were located deep in the
 crust, and () during the Flood year, when the deep
 cover of water over the entire Earth and the thick
 walls of the ark would have protected Noah, his
 family, and the animals onboard.
 Humphreys proposes a tentative theory involving
 selective episodes of cosmic expansion to explain
 how minor changes in some constants regulating
 physical forces could accelerate decay. Furthermore,
 he supposes cosmic expansion would theoretically
 dissipate heat generated by accelerated decay. The
 paper is innovative and self-admittedly tentative in
 its proposals; however, it essentially depends on a
 created world that does not exhibit uniformity and
 consistent, persistent patterns.   The entire thesis is
 based on a theologically derived presupposition (a
 particular interpretation from the Bible). Never-
theless, notice that his proposal is inconsistent with
 the doctrine of creation's emphasis on God's inten-
tions to work through creation's functional integrity
 and the ministerial nature of creation (§§ .., ..,
 ., .). There are serious biblically based reasons
  21 
 D. Russell Humphreys, “Accelerated Nuclear Decay: A Viable
 Hypothesis?,” in   Radioisotopes and the Age of the Earth: A
 Young-Earth Creationist Research Initiative, ed. Larry Vard-
iman, Andrew A. Snelling, and Eugene F. Chaffin (El Cajon, CA:
 Institute for Creation Research, ), -.
  22 
 For a brief critique of the recent YEC initiative to discredit ra-
diometric dating methods, see Randy Isaac, “Assessing the
 RATEProject,”   Perspectives on Science and Christian Faith   , no.
  (): -. 
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 to call Humphreys's presupposition and implica-
tions into question. Moreover, he makes no attempt
 to find any evidence that radioactive decay actually
 did accelerate during those three episodes of Earth
 history. In fact, “normal” decay rates for  U are
 known to have applied to . Ga rocks at Oklo in
 Gabon, Africa.   Concentrations of  U, neo-
dymium, and ruthenium in the uranium ore from
 the Oklo mine are consistent with natural nuclear
 fission chain reactions over a period of a few
 hundred thousand years. Concentrated  U in thin
 veins in the rock where the fission reactions oc-
curred heated the surrounding rock to a few
  hundred degrees Celsius. 
 ... Worldview -independent knowledge/humans
 share common capacities for inquiry.   These last two
 basic presuppositions are consistent with the shared
 intellectual capacities and success of scientific in-
quiry regardless of culture and worldview of the
 scientists (§§ .., ..). This is not to say that sci-
entists representing different gender, religions, cul-
tural backgrounds, and ethnicities will always look
 at a scientific data set and come to the same conclu-
sions. Indeed, the greater scientific community en-
courages vigorous dialogue about scientific ideas (it
 is part of the peer-review culture of getting scientific
 articles published). What these presuppositions
 affirm is that those different conclusion should be
 independent of the scientists' gender, religions, cul-
tural backgrounds, and ethnicities.
 Recent creationists stress that worldview   does
 influence the outcomes of scientific inquiry, espe-
cially in questions of origins. That is, a person pre-
disposed to believe in an ancient creation, for
 whatever reasons, will look at the geological evi-
dence and naturally conclude that the Earth is an-
cient. Recent creationists believe that their young-
Earth presuppositions are just as valid as old-Earth
 presuppositions.   For geology, they conflate the
  23 
 Alex P. Meshik, “The Workings of an Ancient Nuclear Reactor,”
 Scientific American    (January ): -.
  24 
  Morris, 
  Young Earth, -. 
 presupposition of actualism (and uniformitari-
anism) with a godless worldview (often referred to
 as evolutionism). As we suggested above, there is
 nothing in the interpretive framework of actualism
 that necessarily leads to the conclusion of an an-
cient creation (unless, of course, the prepon-
derance of evidence leads there). Upon closer exami-
nation, the underlying presupposition for recent
 creationism is based on theology (a particular
 literal interpretation of Genesis) and not any of the
 basic and common-sense presuppositions of
 science that are fully consistent with a compre-
hensive doctrine of creation. As we argued in
 section ., there is nothing about these common-
sense presuppositions, nor the methods of natural
 science inquiry, that are antithetical to the in-
volvement of Father, Son, and Spirit in creation's
 properties and processes. What recent creationists
 really are objecting to is the metaphysical natu-
ralism and scientism that some scientists bring to
 the interpretation of their work, but these are add-
ons, not intrinsic to natural science inquiry.
  18.4. SCIENCE APPLIED TO 
  RECONSTRUCTING EARTH HISTORY 
 Ken Ham, a popular advocate of YEC, urges his
 audience to ask any teacher, scientist, or museum
 docent who may be describing an event in Earth's
 history that took place millions of years ago, “Were
 you there?”   Other Christian authors promote the
 idea that science is only rightly and confidently
 practiced in a modern context involving direct ob-
servations. Only then can interpretation be ob-
jective, repeatable, and falsifiable. John Morris, son
 of Henry Morris, writes, “Science operates in the
 present, and in a very real sense is limited to the
  present....  But who has ever seen the long-ago 
 past?” He continues, “For example, geology is
 science. Studying the nature of existing rocks and
 fossils and the processes that act on them—that is
 science. Predictions of the future of the rock are
  25 
 Kenneth Ham, “Were You There?,”   Acts & Facts   , no.  ().
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 another matter. Likewise, historical geology—the
 reconstruction of the unobserved past of rocks and
 fossils—is also another story.”
 Some Christian authors have distinguished   op-
eration science   from   origin (or historical) science.
 Operation science is said to include the everyday
 scientific practice conducted in the lab or in the
 field (such as detecting subatomic particles, mixing
 chemicals to create new compounds, wildlife
 ecology, or mapping geologic structures). Origin
 science deals with the study of events in the astro-
nomical or geological past. It would apply to nearly
 all of the content of ten of the previous chapters
 (chaps. -, , , -). Origin science, they 
 contend, is highly speculative, not falsifiable, and,
 of course, not repeatable. While operation science
 deals with observed regularities, origin science
 deals with singular events in the past. Most scien-
tists object to such diminished status for their
 projects of discovering cosmic and Earth history.
 Scientists who study the past work with methods
 that are very similar to forensic investigators who
 gather evidence of a crime, which is more like
 origin science if there were no witnesses. Clearly,
 judges and juries are willing to pass life-altering
 judgments on the preponderance of evidence.
 Likewise, geoscientists and astronomers pursue
 multiple lines of evidence in their interpretation of
 solar-system formation and ancient rocks.
 Common-sense presuppositions as well as most all
  26 
  Ham, -. 
  27 
 Norman Geisler and Kerby Anderson,   Origin Science   (Grand
 Rapids: Baker Book House, ), -; Charles B. Thaxton,
 Walter L. Bradley, and Roger L. Olsen,   Mystery of Life's Origin:
 Reassessing Current Theories   (New York: Philosophical Library,
 ), -. Geisler and Anderson do qualify their definition
 of origin science as pertaining to significant, singular events in
 creation history, such as the beginning of the universe, origin
 of life, and origin of humankind. They are less concerned about
 most kinds of historical interpretations geologists make con-
cerning ancient rocks and fossils. However, creation-science
 authors representing the Institute for Creation Research and
 Answers in Genesis consider all attempts at interpreting events
 before human history to fall into the origin- or historical-sci-
ence category and not subject to the rigor and testability of
  operation science. 
 of the specialized presuppositions of astronomy
 and geology are no different for modern laboratory
 work and fieldwork than for the scientific study of
 events in cosmic and Earth history. As we have seen
 in parts two and three of this book—and will see in
 the following parts—almost all of the methods
 used in the historical study of the universe and
 Earth are either identical to contemporary methods
 used in laboratories and fieldwork or based on
 those methods. So,   scientifically, there is no basis for
 the origin science–operation science distinction.
 The geology of plate tectonics provides an ex-
ample of the robustness of so-called historical
 science as objective, repeatable, and falsifiable. We
 can return to the measurements from GPS tech-
nology for the slow movement of continents
 across the globe (fig. .). Had such technology 
 existed one hundred years ago, there would have
 been no question that the parallel coastlines
 across the Atlantic Ocean were the result of conti-
nental drift. But GPS was not available, and most
 scientists, particularly in North America, rejected
 Alfred Wegener's theory because it lacked a mech-
anism for moving the continents such distances.
 What happened after that was a revolution in
 marine geological research, providing evidence
 that the ocean crust was younger around the mid-
ocean ridges than along the margins of continents,
 as well as the association of deep earthquakes and
 violent volcanic activity with ocean trenches (
 §
 ..). Theories of seafloor spreading and ocean-
crust subduction emerged, as well as an under-
standing of the role of continental collisions in
 mountain building. The rate of spreading of the
 Atlantic Ocean could be estimated, essentially pre-
dicted, by dividing the distance from the Mid-
Atlantic Ridge to the seaward edge of the North
 American continental shelf by the difference in
 ocean-crust age across that distance. The answer
 ranges from  to . centimeters per year depending
 where the measurements are taken. This range of
 values matches the rate of motion measured by
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 GPS technology. Notice that these two different
 kinds of measurements are independent of each
 other and do not depend on any prior assump-
tions about the age of the Earth. We also looked at
 evidence from the Hawaiian-Emperor Chain of
 islands, atolls, and seamounts, which shows the
 predictable pattern of increasing age of volcanic
 rocks from island to island (and atolls to sea-
mounts) in the chain as determined by radio-
metric dating (fig. .). A similar exercise of 
 calculating plate motion based on the length of
 the chain and age differences also matches the
 plate motion measured by GPS technology. Again,
 these measurements are independent of each
 other and any prior assumptions about the age of
 the Earth. This is just one example of how his-
torical science meets the criteria of predictability
 and falsifiability for scientific inquiry in general.
 Looking skyward, diverse observations of the
 physical properties of the universe and evidence
 for expansion led to the Big Bang model for the
 origin of the universe. The Big Bang model ac-
curately predicts the abundance of light ele-
ments in the universe that compare with obser-
vations (chap. ). Finally, there are modern 
 scientific projects that would fall under the clas-
sification of so-called operation science that do
 not fulfill the criterion of direct observation.
 Prime examples include projects that discover
 and detect elementary particles of matter, such
 as quarks and the Higgs boson. While the scien-
tific community declares the experimental
 methods for detection valid, the particles are not
 directly observed in the experiments.
  18.5. DOCTRINE OF CREATION 
  AND OTHER THEOLOGICAL 
  ISSUES BEARING ON DEEP 
  TIME AND EARTH HISTORY 
 Teaching at a Christian college, we find that many
 of our undergraduate students arrive on campus as
 freshmen having previously accepted the unfor-
tunate dualism of choosing between science and
 faith, between “creation and evolution,” a version
 of the false dilemma described in the introduction
 to chapter two. Many are skeptical of scientific 
 claims for cosmic and Earth history (and the
 history of life) that conflict with their literal, con-
cordist, recent-creation view. A course or self-
study program, perhaps one that would use this
 textbook (!), gives the opportunity for students to
 dig deeper into all of the interesting yet challenging
 aspects of biblical understanding and scientific
 knowledge that fuel the science-theology dialogue.
 We believe that familiarity with a comprehensive
 doctrine of creation, derived from the full breadth
 of Scripture, relieves that dualistic tension, honors
 the authority of God's Word, and supports a sym-
pathetic view of the scientific enterprise (with its
 theories of origins). The focus shifts from details
 about “how” and “how long ago” to deeper
 meanings that transform lives.
 ... When was creation?   A comprehensive doc-
trine of creation dismisses the notion that creation
 is over and done with at some time in the past.
 Whether adhering to a recent-concordist model of
 Earth formation and the appearance of life during
 the creation week, or an ancient-concordist model
 of progressive creation over eons, creation did not
 end after the sixth day. As developed in chapters
 two and ten, the doctrine of creation affirms “cre-
ation is not a static work completed at some time
 in the past. Rather it is a project moving toward its
 calling through ongoing trinitarian involvement”
 (§ .; see chap. ). The geological processes de- 
scribed in Psalm  (e.g., hydrology, meteorology,
 volcanology) illustrate how the functional integrity
 of creation ministers to creation, all superintended
 by the Son and enabled by the Spirit. The minis-
terial nature of ongoing creation and humankind's
 mandate to steward it as God's image bearers en-
courages us to join in the ministry to the world
 God created for us (chaps.   and ). 
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 ... Death and the fall in earth history.   A provoc-
ative question leads many Christians to embrace a
 recent-creation view. As expressed by Henry Morris,
 “One of the hardest things to understand is how
 anyone who claims to believe in a God of love can
 also believe in the geological ages, with their sup-
posed record of billions of years of suffering and
 death before sin came into the world. This seems
 clearly to make God a God of waste and cruelty
 rather than a God of wisdom and power and love.”
 This is certainly a theological implication for an an-
cient creation, but it is not a new question that
 emerged after the advent of radiometric dating.
 Some aspects of the issue were briefly addressed in
  chapter three  (§ .), but a comprehensive doctrine 
 of creation is helpful for understanding why this
 way of framing the issues on atheists' terms is not
 helpful for Christian understanding.
 One thing to say at the outset is that adopting a
 recent-creation view does not alleviate the
 problem: Why has God allowed such waste and
 cruelty in the creation at all? Whether it has been
 going on for six thousand or two billion years, the
 problem is the same for understanding a Creator of
 wisdom, power, and love. The real question is why
 this kind of creation, where life and death depend
 so intimately on each other in what can be a trou-
bling (to us) ministerial dance, rather than another
 kind of creation where there is no such inter-
twining? Another thing to say is that we have no
 ultimate answers to such questions, and the pat
 answers we sometimes tell ourselves as Christians
 (“It's because of fallen angels” or “It's because of
 humanity's fall”) actually are not answers at all.
  28 
  Henry M. Morris, 
 Defending the Faith: Biblical Christianity and
 the Genesis Record   (Green Forest, AR: New Leaf, ), .
  29 
 For instance, Richard Dawkins,   River Out of Eden   (New York:
 Basic Books, ), -.
  30 
 An unfortunate consequence of adopting atheists' framing is
 that Christians are backed into a corner of attributing the
 “waste and cruelty” to God's curse of Gen  in response to Adam
 and Eve's sin. But this means that God is responsible for the
 death and destruction of organisms by cursing them and turn-
ing them into predators.
 We would suggest that when Christians, such as
 Henry Morris, repeat the atheist framing, this is
 evidence that their doctrine of creation is too
 narrow to allow them to see a biblical alternative
 framing. One of the things a comprehensive doc-
trine of creation tells us is that the creation is co-
participant with the Creator in its coming to be
 new creation (chap. ). And that participation 
 comes through creation's functional integrity, not
 apart from it. Father, Son, and Spirit brought forth
 a creation with the contingent rationality humans
 have been discovering over the centuries for pur-
poses that have much obscurity for us. We can
 grasp some big-picture aspects of these purposes
 in Scripture (§ .), but the details and “the point
 of it all” regarding biological death are not in our
 grasp on this side of new creation (and may remain
 mysterious to us later).
 As was noted in chapter two, Psalm  and 
 Matthew , among other biblical texts, speak of
 organisms eating other organisms, never once as-
cribing this to the fall or calling it suffering or a
 waste. Creation has been made by the triune
 Creator to minister to creation from the get-go.
 This includes the eating habits of creatures that in-
volve plants and animals; these eating patterns
 have a sacrificial or cruciform shape to them (part
 ). Much as we are shocked by some of the death
 we see in nature documentaries, we should never
 adopt atheists' view that it is wasteful, wanton de-
struction.   Remember, Jesus' death on the cross
 was one of the cruelest, most excruciating ways a
 person could die in the Roman world, and this
 death is inseparable from the Father's love for the
 Son and for the world (“For God so loved the world
 that he gave his one and only Son,” Jn :).
  31 
 Actually, atheists do not really believe this; rather, they believe
 that the death and destruction we see in creation is part of how
 organisms survive and flourish in balance with their environ-
ments in an intricate evolutionary drama. It is when atheists are
 arguing against recent- or ancient-creation concordist views
 that they play up the waste and destruction. Nothing ever goes
 to waste in creation, and all species benefit by the checks and
 balances we observe in creation.
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 ... God's planet.   There is a view in the scientific
 community that Earth is just one planet in an av-
erage solar system in an average galaxy. Even if
 only one planet in our solar system sustains life,
 among the billions of planets in the universe Earth
 is probably average, perhaps even mediocre. This
 view of a mediocre Earth, known as the Coper-
nican principle, is even promoted by some scien-
tists as a presupposition that can advance scientific
 inquiry (See “Going Further: The Copernican Prin-
ciple and Mediocrity,” § .). Harvard astronomer
 emeritus Owen Gingerich doubts that, and he
 offers a more encouraging view of Earth as a rather
 special place in the cosmos, with special attributes
 that support life and enable human flourishing. In
 an exquisite example of how modern science and
 Christian faith may inform each other, he writes,
 To me, belief in a final cause, a Creator-God,
 gives a coherent understanding of why the uni-
verse seems so congenially designed for the ex-
istence of intelligent, self-reflective life. It would
 take only small changes in the numerous
 physical constants to render the universe unin-
habitable. Somehow, in the words of Freeman
 Dyson, this is a universe that knew we were
 coming. I do not claim that these considerations
 are proof for the existence of a Creator; I claim
 only that to me, the universe makes more sense
  with this understanding. 
 In his book   God's Universe, Gingerich explains
 many remarkable attributes of the universe that
 fall into the category of fine-tuning discoveries
 (see chap.  and § .). These are all fortuitous 
 situations that made a big difference in creating
 the world in which we live. For instance, the Big
 Bang model does not predict the synthesis of atoms
 with mass number five. If atoms of that mass had
 been present in the early universe, the synthesis of
 heavier elements by fusion in the interior of stars
 would have resulted in far less carbon and oxygen
  32 
 Owen Gingerich,   God's Universe
 (Cambridge, MA: Harvard Uni-
versity Press, ), .
 in the universe (necessary for abundant water and
 organic compounds), and stars like our Sun would
 have shorter lifespans. Elements heavier than iron
 are created in various kinds of stellar explosions (
 §
 .). Elements that make up Earth formed in stars
 and during such explosions and were scattered
 about. The abundance of different kinds of ele-
ments in a planet determines many of its prop-
erties. Since heat in our planet is largely the result
 of decay of radioactive isotopes in the Earth's
 mantle and crust, the abundance of these isotopes
 was crucial in determining whether the planet was
 going to be too hot or too cold to sustain plate tec-
tonics or nurture life. Gingerich and other authors
 are reasoning that while fine-tuning arguments for
 the cosmos and Earth are compelling and con-
sistent with a comprehensive doctrine of creation,
 they do not constitute scientific evidence, certainly
 not proof, of design. “Is the universe designed?” is
 not a scientific question, just as the Copernican
 principle is not a scientific presupposition.
 The Earth is a wondrous planet with environ-
mental conditions and natural resources that have
 allowed humankind to flourish. Geological
 knowledge is not only valuable for seemingly aca-
demic questions of how the Earth formed and its
 ancient past but essential in the discovery and
 production of renewable and nonrenewable
 energy, minerals, and materials that sustain
 modern life. The Bible reveals a God who, in
 triune character, is creating and sustaining cre-
ation and seeks to involve humankind in this
 work. As expressed in the classic hymn “OWorship
 the King All Glorious Above”:
 The earth, with its store of wonders untold,
 Almighty, thy power hath founded of old,
 Hath 'stablished it fast by a changeless decree,
 And round it hath cast, like a mantle, the sea.
  33 
 Words: Robert Grant (–), , after William Kethe (ca.
 –), in   Episcopal Hymnal    (New York: Church Pub-
lishing Company Incorporated, ).
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  FROM SPONTANEOUS 
  GENERATION TO ABIOGENESIS 
  THIS CHAPTER COVERS: 
 Beliefs about spontaneous generation
 Pasteur and the demise of spontaneous
  generation 
  Darwin and abiogenesis 
 The option of panspermia
  The Oparin-Haldane hypothesis 
 The definition of life and essentials of its
  chemistry 
 19.1.   ORIGIN OF LIFE:
  THE ULTIMATE COLD CASE 
 Earth is filled with life. Almost everywhere on the
 surface of this planet, from high mountaintops to
 ocean depths, from hot deserts to the frozen
 tundra, living organisms can be found. The forms
 life takes are as varied as the locations in which it
 occurs. The multicellular versions appear in a vast
 abundance of kinds readily perceived by the
 human eye. Even more vast in terms of both
 quantity and variety are the single-celled or-
ganisms—the bacteria and archaea, invisible to
 the naked eye. An obvious question that occurs to
 even the least curious among us is, How did it all
 come to be? We will address this question in
 coming chapters. But a prior question that must be
 posed is, How did it get started?
 In the preceding chapters we have discussed the
 current scientific account of how God brought into
 being the universe and within it our solar system
 and planet. We turn now to a consideration of how
 life began on this planet. When it comes to the cre-
ation of life in its simplest forms, the story is dif-
ficult to tell because no one knows how God ac-
complished it. For more than a century, scientists
 have pondered how life might have begun, but at
 present there is little consensus among the experts
 about the mechanisms by which the first living
 things appeared on Earth.
 The question of life's origin has even shown up
 in our fiction. Dorothy Sayers (–), in her
  mystery   The Documents in the Case, has a
 chemist questioned about the origin of life. He
 responds by saying, “It appears possible that
 there was an evolution from inorganic or organic
 through the colloids. We can't say much more,
 and we haven't—so far—succeeded in producing
 it in the laboratory.”   What was stated as true in
 fiction in the s is a good approximation of
 reality in the present. It is not difficult to find
 quotes of prominent contemporary scientists ad-
mitting their ignorance about life's origin. For
 example, consider the following  quote from
 Andrew Knoll, the Fisher Professor of Natural
 History at Harvard. Knoll serves on the council
 that directs the Origins of Life Initiative at
 Harvard, a decades-long project dedicated in part
 to answering the question of how life began on
 Earth: “We don't really know how life originated
 on this planet. There have been a variety of ex-
periments that tell us some possible roads, but we
 remain in substantial ignorance.”   Stuart Kauffman,
 1
  Dorothy Sayers, 
 The Documents in the Case   (New York: Brewer
 and Warren, ), .
 2
 “How Did Life Begin?,” interview by Joe McMaster, NOVA, May ,
  , www.pbs.org/wgbh/nova/evolution/how-did-life-begin.html. 
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 an origin-of-life theoretician who has published
 extensively on the subject, put it more bluntly back
 in , but his statement remains essentially true
 today: “Anyone who tells you that he or she knows
 how life started on the Earth some . billion
 years ago is a fool or a knave.”
 It is also not difficult to understand why the
 question of life's origin is so hard to answer. The
 first step is to recognize exactly what the question
 is asking; in other words, What do we mean by
 “origin of life”? Most life that we can see is large and
 multicellular. In contrast, the forms of life present
 today believed to be most similar to the life forms
 at its beginning are single-celled organisms that
 we cannot see without the aid of a microscope. At
 first glance these microorganisms are much
 simpler than the larger, visible multicellular forms.
 However, in chemical terms they are quite complex
 and sophisticated since they employ essentially the
 same chemical processes that the multicellular
 forms of life use.
 The starting materials for life's chemistry were
 presumably much simpler than these micro-
organisms—relatively small molecules incapable
 of engaging in the complicated processes that
 make living things alive. So the question really in-
volves, how do we get from nonliving matter,
 which is relatively simple, to something that we
 can consider to be living, which would necessarily
 be much more complex?
 The mystery resembles what might be called the
 ultimate cold case since the transition from nonlife
 to life is presumed to have happened a long time
 ago, and evidence for how it occurred is at best cir-
cumstantial. Life is thought to have originated
 relatively soon after the planet was formed, about
 four billion years ago. In their origin from non-
living matter, or in chemical terms, from simple
 inorganic or organic substances, the first entities
 3
  Stuart Kauffman, 
 At Home in the Universe: The Search for the
 Laws of Self-Organization and Complexity   (New York: Oxford
 University Press, ), .
 that could be called living would have involved
 molecular structures that could not possibly have
 survived to the present day.
 Molecules have a limited lifetime, especially
 under the extreme conditions that have existed at
 times on the planet down through its history. This
 means that, unlike the situation that exists for
 higher forms of life, it is fruitless to search for
 fossils of the most primitive versions of organic life.
 That does not mean that ancient fossils of single-
celled organisms are nonexistent. As we will dis-
cover, what are believed to be fossilized traces of
 living organisms dating back to about . billion
 years ago have been found. However, these fossils
 are comparable in size to modern-day prokaryotes
 (single-celled nonnucleated organisms). These an-
cient fossils are likely larger than their primitive
 predecessors and when living presumably were
 quite complex in chemical terms. What the prede-
cessors of these fossils were like remains a mystery,
 shrouded in the mists of the inaccessible past, and
 it is the nature of these predecessors and how they
 came to be that origin-of-life scientists attempt to
 investigate. As we might expect, the evidence re-
garding these forerunners of the oldest single-
celled fossils is at best indirect and subject to
  highly variable interpretation. 
 So the subject of part four will not be how life
 began on this Earth. At this point in time, no
 one knows. Instead, we will attempt to tell the
 story of origin-of-life scientists' efforts over the
 past several decades to solve this ultimate cold-
case mystery. As you might anticipate, the story
 involves a lot of twists and turns and many cases
 of conflicting ideas with ensuing controversies.
 The sciences are always a work in progress, and
 in areas where the majority of experts in the
 field have not come to firmly established or
 commonly agreed-on theories, there is ample
 opportunity for wide-ranging speculation and
 diverse opinions. Origin-of-life science certainly
  fits that description. 
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 In the sections that follow, we will not attempt to
 describe all of the many proposed alternatives but
 will focus on those that have attracted the most at-
tention and the largest number of adherents and
 have survived to the present. The possibility always
 exists in fields such as this that a sudden new dis-
covery will burst onto the scene, but even without
 sudden change there is an ongoing ebb and flow of
 opinion or modifications of thought. Thus the story
 told here will necessarily involve a series of snap-
shots attempting to depict the developments of sci-
entific thought on the question, leading eventually
 to a representation of the current status of the effort
 to unravel the mystery of life's origin. Just as we saw
 in parts two and three, the story involves creation's
 regularities and its ministerial nature (§ ..).
  19.2. BEFORE ORIGIN- 
 OF-LIFE SCIENCE: BELIEF IN 
  SPONTANEOUS GENERATION 
 Before we venture into the story of the modern sci-
entific attempt to solve the mystery of life's be-
ginning, we need briefly to recount some of the
 historical roots of the question. Origin-of-life
 science is an attempt to tell the story of life pro-
ceeding from nonlife. Has humanity always
 thought that this was a difficult process? The short
 answer is   no. Throughout most of recorded history,
 people with a variety of philosophical and religious
 beliefs have thought that life could arise quickly
 (spontaneously) and relatively easily from inan-
imate matter. In other words, the idea that plants,
 worms, insects, and in some cases even larger or-
ganisms (fish, birds, etc.) could arise in a short
 period of time from nonliving stuff, with no pa-
rental involvement, was widely accepted to be true.
 This sudden appearance of living forms from non-
living sources came to be known as   spontaneous
 generation   (hereafter abbreviated SG).
 It is understandable why belief in the possibility
 of life suddenly appearing from nonlife was
 common in the past. Maggots appear with no ap-
parent cause on meat left sitting around for a while.
 Insects or even rodents can suddenly appear in
 domestic situations or natural settings with no ap-
parent living antecedents. Thus it is not surprising
 that SG is a common notion displayed in various
 accounts down through history. Stories about the
 generation of life from inanimate matter are re-
current, beginning with ancient mythologies and
 continuing well into the nineteenth century.
 The earliest civilization to ponder the natural
 world in a manner remotely resembling a modern
 scientific approach occurred in Greece several cen-
turies before Christ.   Early Greek philosophers of
 nature include reference to the appearance of life
 from nonlife. For instance, Aristotle, a Greek phi-
losopher who had a great influence on later
 Christian thought, discussed the occurrence of
 organisms generated from nonliving matter. Ac-
cording to him, this generation of life was made
 possible through introduction of the “principle of
 form” or “soul” that characterizes all living beings.
 The soul is not material, according to Aristotle, but
 is supported by the   pneuma, “breath” or “hot air,”
 an elemental form closely related to the “fifth el-
ement,” the   quintessence, which composes heavenly
 bodies such as the Sun. Early prominent Christian
 theologian Augustine believed SG to be possible
 through “seed-principles” (rationes seminales) in-
stituted originally by the Creator (based on the
 Gen  reference to the land producing vegetation
 and living creatures). Thus he was able to interpret
 the sciences of his time in the context of his theo-
logical belief in an all-powerful Creator. Later, in
 the Middle Ages, Aquinas merged the Aristotelian
 and Augustinian ideas to provide further theo-
logical support for belief in SG. Although philo-
sophical/theological support for belief in SG con-
tinued well into the seventeenth century, the
 4
 An excellent detailed survey of the history of the quest for un-
derstanding life's origins can be found in Iris Fry's   The Emer-
gence of Life on Earth: A Historical and Scientific Overview   (Pis-
cataway, NJ: Rutgers University Press, ). Many of the
 specifics in this chapter are drawn from this text.
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 position of the church was not always on the side
 of SG, with nonbelievers in opposition. Rather,
 there were SG doubters and believers on both sides
 of the theological divide in the seventeenth, eigh-
teenth, and nineteenth centuries.
 Along the way there were subtle changes in the
 way natural philosophers thought about SG. Des-
cartes (–), for instance, was a firm be-
liever, but he thought of it in mechanistic terms.
 According to him, life could occur spontaneously
 from nonlife because of mechanical processes that
 could occur in nonliving matter that parallel those
 occurring in sexual generation. English natural
 philosopher Francis Bacon (–) similarly
 viewed SG as the natural outcome of nonteleo-
logical causation. In other words, unlike the per-
spective of Augustine and Aquinas, for Descartes
 and Bacon the material world itself had the ca-
pacity for development of life forms through
 natural forces at work and did not require any
 direct impulse from the Creator.   Meanwhile,
 however, along with these philosophical develop-
ments, there were experimental studies, some of
 5
 In terms of the doctrine of creation, this means that natural forces
 had displaced the mediation of the Son and Spirit (§   ..).
 Going Further: Augustine and His   Rationes Seminales
 Augustine of Hippo (–) is generally recognized as one of the most influential theologians in the history of Chris-
tianity. Born of a Christian mother and a pagan father in a Roman community in North Africa, Augustine sewed his wild
 oats as a young man, grew up to be an academician, and eventually acquired a prominent academic position as a teacher
 of rhetoric in Milan. As a young person entering adulthood, he was attracted to Manichaeism, a Persian religion that
 combined elements of Gnosticism, Zoroastrianism, and Christianity. In Milan, he met the bishop Ambrose, who became
 very influential in his life, leading to his conversion to Christianity in . After his conversion he returned to North Africa,
 where he became a priest and eventually the bishop of Hippo, in . His exegetical and theological writings are exten-
sive and continue to be influential into modern times.
 Augustine's writings include theological work on the Trinity (De Trinitate) and a commentary on the book of Genesis
 (De Genesi ad litteram). In both of these, the idea of   rationes seminales   is discussed. The Latin can be variously translated
 as “seed-like principles” or “original factors.” Augustine understood the reference in Genesis : to the land's producing
 vegetation and living creatures as meaning that God in the original creation had implanted   rationes seminales. If these
 “seeds” are taken somewhat literally, Augustine can be thought to be referring to SG. For instance, Augustine's reference
 to the present-day observation of the production “from the earth things which had not been sown there” has been
 understood as an indication of a belief in spontaneous generation.a  On the other hand, other modern interpreters see in
 Augustine's   rationes seminales   a more analogical or theological significance. Ernan McMullin, for instance, suggests that
 the “seed-principles” are not seeds in the ordinary sense. Rather, he understands Augustine to mean they are causal
 powers that the Creator exercised in the original creation but continues to exercise in a miraculous way in the origina-
tion of all living things.b  Alister McGrath has drawn on a similar reading of Augustine to develop a contemporary theo-
logical approach to understanding God's creative activity in nature.c  We will have more to say about McGrath's ideas in
  chapter twenty-three. 
 a
 From Augustine's   De Trinitate
 , quoted in Howard B. Adelmann,
 Marcello Malpighi and the Evolution of Embryology   (Ithaca, NY: Cornell University Press,
  ), :. 
 b
 Ernan McMullin, “Introduction,” in   Evolution and Creation,
 ed. Ernan McMullin (Notre Dame, IN: University of Notre Dame Press, ), -.
 c
  Alister McGrath, 
 AFine-Tuned Universe: The Quest for God in Science and Theology   (Louisville, KY: Westminster John Knox, ).
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 which cast doubt on SG. Among the most prom-
inent was the work of Francesco Redi (–).
 Redi showed that covering meat with a fine cloth
 prevented the development of maggots on the
 meat itself while still allowing the formation of
 flies on the cloth. This clearly suggested to Redi
 that life came only via parental involvement—
 that is, flies laying eggs.
 Dutchman Antonie van Leeuwenhoek (–
 ) was the first to craft a microscope that
 magnified objects over two hundred times.   He
 was the first to observe microscopic organisms,
 extending the question about SG of life forms to
 these versions of life. Experimental investiga-
tions using the microscope were carried out
 with conflicting results. In the eighteenth
 century, an Italian priest, Lazzaro Spallanzani
 (–), and an English priest, John
 Needham (–), performed virtually iden-
tical experiments with diametrically opposed
 results. Both heated organic solutions, such as
 meat gravy, in sealed vessels and then looked for
 the growth of microscopic organisms. Spall-
anzani showed that if the gravy and the air in the
 sealed vessel above it were both heated, no or-
ganisms were observed to form subsequent to
 cooling. Needham, however, claimed that he had
 removed all traces of air from the vessel before
 heating and upon cooling observed the ap-
pearance of microbes. Needham claimed that
 Spallanzani's intensive heating had destroyed
 the “vegetative force” residing in the organic
 material. Spallanzani attempted by various ex-
periments to demonstrate the lack of such a
 force, but it became clear that no simple exper-
iment could accomplish that. It is noteworthy,
 nevertheless, that two men of the cloth, both
 devout believers, came down on opposite sides
 of this important question, indicating clearly
 6
 Paul Falkowski, “Leeuwenhoek's Lucky Break: How a Dutch
 Fabric-Maker Became the Father of Microbiology,”   Discovery
 Magazine, April , , http://discovermagazine.com/ 
  /june/-leeuwenhoeks-lucky-break. 
 that their Christian theology could accom-
modate either outcome of the scientific issue.
 Belief in a vital force constituted a version of
 what is generally known as   vitalism, the idea that
 there is a fundamental difference between organic
 matter—matter capable of supporting life or of be-
coming alive—and inorganic matter. The dis-
tinction between organic matter and inorganic
 matter led to refinements in the theoretical
 framework of SG. Thus, many supporters of SG
 held that life could issue spontaneously only from
 organic matter: matter that, though dead, still con-
tained the vital force because it had once been alive.
 In contrast, inorganic matter, lacking this vital force,
 was incapable of spontaneously generating life. In
 , Friedrich Wöhler (–), a German
 chemist, contributed to the discussion on the side
 of the antivitalists when he successfully synthesized
 the organic compound urea from inorganic starting
 materials. This suggested that there was no funda-
mental distinction between organic and inorganic
 substances. Not everyone was convinced, however,
 and vitalism and SG continued to have widespread
 support deep into the nineteenth century.
 During the nineteenth century the controversy
 over SG took on a different tinge, one that was
 much more empirical in hue. Europe in this
 century was subjected to the devastating effects of
 large-scale epidemics that killed many thousands
 of people. Controversy arose among physicians
 and scientists regarding the cause of the diseases.
 Were they the result of living organisms, the mi-
crobes visible under the microscope, or the conse-
quence of particles disseminated in the air, food,
 and water via the decomposition of nonliving
 matter in processes such as fermentation or putre-
faction? The causes of putrefaction and fermen-
tation were debated in this context and also linked
 to the question of the reality of SG. Fundamentally,
 the question could be phrased in the following
 manner: Do fermentation and putrefaction cause
 7
 This is a pattern we have seen before, in debates over the Big
 Bang and Steady State models (§   .).
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 the formation of microorganisms, or must micro-
organisms be present for fermentation and/or pu-
 trefaction to occur? 
 In , a prominent French biologist, Felix
 Pouchet (–), published the results of his
 experiments with extracts from boiled hay,
 which appeared to strongly support SG, in a work
 titled   Heterogenesis or a Treatise on Spontaneous
 Generation. Heterogenesis refers to the sponta-
neous appearance of life from matter that had pre-
viously been alive. The extract from the boiled hay
 was introduced into water that had been boiled
 and then cooled by submersion in a vat of mercury
 followed by introduction of artificially produced
 oxygen gas. Pouchet observed the formation of mi-
croorganisms in the hay extracts following this
 procedure. He argued strenuously that the only
 possible interpretation was that the micro-
organisms spontaneously generated in the extract.
 The publication of this work by a prominent sci-
entist led to heated controversy. In response, the
 French Academy of Sciences announced that the
 Alhumbert Prize, worth twenty-five hundred
 francs, would be awarded in  to the scientist
 most successful in attempting “by means of well-
designed experiments to cast new light on the
 question of so-called spontaneous generations.”
  19.3. LOUIS PASTEUR: HIS 
  SCIENCE AND THE DEMISE OF 
  SPONTANEOUS GENERATION 
 Louis Pasteur (–) was a prominent French
 scientist at the peak of his career in . He did
 not believe in SG, probably for philosophical as
 well as scientific reasons. Upon hearing of Pouchet's
 work and the announcement of the academy prize,
 Pasteur began an investigation that ultimately led
 to the partial demise of SG. Before discussing Pas-
teur's experimental investigations, it is worthwhile
 to take a brief diversion into his scientific reasons
 for discounting SG since they relate to an issue that
 has implications for ensuing questions we will con-
sider in origin-of-life science.
 Pasteur's investigation of SG grew out of his in-
terest in the nature and cause of fermentation. His
 research in the late s had focused on salts of
 tartaric acid, a constituent of grapes and a by-
product of fermentation. Tartaric acid possesses
 the property that has come to be known as   chirality,
 meaning “handedness” (from Greek   chiro,
 meaning “hand”). Tartaric acid molecules are said
 to be asymmetric or   chiral, meaning that they are
 hand-like in the sense that mirror images of these
 molecules are not identical, just like a left hand and
 a right hand. Figure .  illustrates this with a re- 
lated and simpler molecule, lactic
 acid. Similar to the left hand–right
 hand relationship, the one molecule is
 the mirror image of the other, but
 they are not superimposable. Pasteur
 did not know the molecular struc-
tures, but he knew that crystals of the
 tartaric acid were asymmetric, just
 like the human hand. Furthermore,
 he knew that crystals formed from
 the one kind of tartaric acid molecule
  are nonsuperimposable mirror 
 images of crystals formed from the
 other kind. He also knew from pre-
vious works that solutions of these
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 Figure ..   Chirality of lactic acid.
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 crystals rotated plane-polarized light in one di-
rection, say clockwise, while solutions of the
 mirror-image crystals rotated the light counter-
clockwise.   Substances capable of rotating light are
 said to be   optically active, and the property of
 doing so is known as   optical activity. He was able
 to show that solutions formed by equal mixtures of
 left- and right-handed crystals did not rotate the
 light at all. They were said to be   racemic, meaning
 that they contained equal amounts of the light-
rotating molecules operating on the light in op-
posite directions, which therefore canceled each
 other out, resulting in no light rotation.
 How does all of this relate to the question of SG?
 Pasteur knew that when compounds such as tartaric
 acid were produced artificially in the laboratory, a
 racemic mixture was always produced. In other
 words, if a chemist synthesized a chiral compound (a
 compound capable of displaying handedness) from
 achiral starting materials, she would produce a
 product that contained  percent right-handed
 molecules and  percent left-handed molecules,
 and the product would not rotate the
 light. However, Pasteur also knew that
 if the same compound were produced
 biologically, as in the case of fermen-
tative production of tartaric acid, only
 one form of the compound would be
 produced, and the light would be ro-
tated. Because fermentation always
 produced products that were   optically
 active   (light-rotating), Pasteur con-
cluded that fermentation must be a bio-
chemical one. Therefore, one could not
 observe fermentation unless microorganisms were
 present in the sample under study. Pasteur reasoned
 that fermentation must be the product of life, not the
 other way around. Living systems caused the
 logically caused process, not merely a
 8
 Plane-polarized light is light that has all of the light waves oscil-
lating in the same plane. Polarizing sunglasses, for example,
 create light that is plane polarized by filtering out waves that are
 not oriented the same way.
 chemical change, the fermentation. Living systems
 could not come from nonliving chemical processes,
 since optically active substances did not originate
 from chemical syntheses performed outside living
 organisms. On this basis, Pasteur interpreted
 Pouchet's results as indicating that by some means
 microorganisms had been allowed to contaminate
 the hay extracts in his experiments. He contended
 that contamination was the source of the microbes
 Pouchet observed, not a chemical, life-producing
 process in the solution itself. He suspected the source
 of the contamination to be microbes in the air.
 Through a variety of experiments, Pasteur set out
 to prove that airborne microbes caused fermen-
tation. In one set of experiments, he used two iden-
tical solutions containing the same organic matter
 (e.g., sugar, urine, or beet juice) in flasks with an   s-
shaped neck (fig. .). The solutions were boiled to 
 sterilize them. After cooling, one of the necks was
 broken off, allowing airborne particles to enter the
 solution, while the other neck was retained intact.
 The solution in the flask on which the neck was
 broken rather quickly became cloudy and fermented,
 while the other one remained unchanged, with no
 sign of fermentation or the appearance of microbes.
 He interpreted this to mean that since airborne dust
 particles were not able to resist the force of gravity
 and would naturally drift into the flask, they were
 unable to deposit their fermentation, causing no
 microbes in the solution in the unbroken flask. In
 1: Flask is sterilized
  by boiling broth. 
  2: Unbroken flask 
  remains sterile. 
 3: Tube is broken and
  microorganisms grow. 
 Figure ..   Pasteur's experiment with flasks with   s-shaped necks.
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 other experiments, he aspirated air into the flasks
 through a tube plugged with guncotton to filter out
 any dust particles. No fermentation was observed.
 However, when the guncotton, now containing the
 dust particles, was dipped into the solution, there
 was rapid fermentation. In  Pasteur published
 the results of these and other similar experiments
 in the   Annals des Sciences Naturelles   in an article
 titled “On the Organized Corpuscles That Exist in
 the Atmosphere.” In  he was awarded the Al-
humbert Prize of twenty-five hundred francs. The
 effect of the publication was far reaching both phil-
 osophically and scientifically. 
 Both Pouchet and Pasteur were Christians, the
 former a Protestant and the latter Roman Catholic.
 Science historians have argued that philosophical/
 theological views played a role in their personal
 opinions about SG prior to their experimentation
 and also affected the public acceptance of the
 outcome of their work. By the mid-nineteenth
 century in France, belief in SG was more com-
monly viewed as being associated with materi-
alism and anticlericalism. Thus, in religious terms,
 Pasteur's victory over SG was viewed as confir-
mation of a more conservative theological position.
 The idea that life could issue only from life, which
 Pasteur's work seemed to support, reinforced the
 belief in a divine origin for life in the beginning. It
 also seemed to counter ideas about materialistic
 origination of life that were starting to percolate in
 Europe at the time. There are indications from Pas-
teur's public writings and pronouncements that he
 welcomed this interpretation. Pouchet, on the
 other hand, was by no means a materialist, but he
 believed that SG was the way God created in the
 beginning when he endowed organic material with
 the capacity for life. At root he was a vitalist, and
 he believed that God continued to bring life into
 existence spontaneously through a life-giving
 force. Pasteur rejected this view but nevertheless
 believed life to have originated by divine action. So,
 again, we find two Christian believers arriving at
 rival positions on a question with both scientific
  and philosophical significance. 
 The immediate scientific response to Pasteur's
 work was mixed. It was widely viewed in some
 circles as a triumphant demonstration that SG as
 claimed by Pouchet, the sudden appearance of life
 from nonlife in the here and now, does not occur.
 More specifically, it was a severe blow to hetero-
genesis, the particular version of SG espoused by
 Pouchet, which claimed only that life could issue
 spontaneously from organic matter, material that
 though now dead had at one time been living. Even
 with Pasteur's experimental success, heterogenesis
 continued to garner support, and its final demise did
 not come until two decades later, when the discovery
 of heat-resistant spores called into question some of
 the experiments that had supported it. Nevertheless,
 the question as to whether life could proceed only
 from life remained an open one for many.
 In the eyes of many of Pasteur's contempo-
raries, the possibility that life could issue from
 nonliving matter that had never been alive, or in
 modern chemical terms, from inorganic matter,
 was still considered a possibility in spite of Pas-
teur's results. As represented in figure ., the 
 conversion of dead organic matter, matter that
 had once been alive, into living matter was what
 Pasteur had disproved.   The less-than-sponta-
neous (slow, gradual) origin of life from inorganic
 stuff in the distant past seemed to remain a theo-
retical possibility. As shown in the figure, the term
 that was used to refer to this gradual origin from
 inorganic matter is   abiogenesis, meaning literally
 “a beginning [-genesis] without [a-] life [-bio].” Af-
firmative opinions about the possibility of abio-
genesis were common among Pasteur's contempo-
raries, especially those who were supporters of a
 9
 The identification of organic matter with matter that makes up
 organisms (dead or alive), which was prevalent in the time of
 Pouchet/Pasteur and which we are using here, is no longer used
 today. In modern chemistry, organic matter refers to carbon
 compounds that possess carbon-hydrogen bonds and includes
 synthetic   substances (i.e., substances that were made in the labo-
ratory and not obtained from living or dead organisms).
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 theory regarding life's gradual development
 through Earth's history that appeared around the
 same time, a theory promoted most prominently
 by Englishman Charles Darwin.
  19.4. DARWIN AND THE ORIGIN 
  OF LIFE: AN EARLY ATTEMPT AT 
 A THEORY OF ABIOGENESIS 
 In , as Pasteur was busy with his investiga-
tions that led to the demise of belief in SG, Charles
 Darwin (–) published his ground-
breaking work,   The Origin of Species. Darwin's
 publication dealt with the development of new life
 forms (see part ). His theory generally assumes a
 starting point for the evolutionary process, a
 single form or a few elementary forms from which
 all the species of life on earth descended. The
 question immediately surfaces: How did the
 original form or forms arise on the primordial
 Earth? Clearly, one alternative would be abio-
genesis. Darwin has virtually nothing to say about
 this question in his published works. In fact, in
 The Origin of Species   he makes only one clear ref-
erence to the origin of the first living organism on
 Earth, and it comes on the final page of the book.
 Ironically, in light of the controversies that fol-
lowed, Darwin attributes this important initial
 step in the development of life on Earth to divine
 action: “There is grandeur in this view of life with
 its several powers, having been originally breathed
 by the Creator into a few forms or into one.”   To
 be fair, it must be noted that Darwin in private
 communication expressed regret that he had at-
tributed life's origin to a creation event; however,
 he never changed the statement in later editions
 of   The Origin of Species. Nor did he ever in his pub-
lished works write about an abiogenic origin.
 Meanwhile, in other correspondence Darwin
 was not hesitant to write about his views on the
 subject of life's origin, and he did not invoke an act
 of creation. Historians of science and biographers
 have mined Darwin's extensive correspondence,
 looking for references to the origin-of-life question.
 Their results show a fascinating range of com-
mentary by Darwin on the issue. It is worth noting
 at least a few of these because they illustrate the
 thinking also prevalent among Darwin's scientific
 colleagues, many of whom were eager to apply
 some of the ideas implicit in his evolutionary
 theory about life's development to the question of
  life's origin. 
 One of these was a close friend and scientific
 follower of Darwin, German biologist Ernst
 Haeckel (–). Haeckel was eager to demon-
strate the possibility of SG of the abiogenesis type,
 viewing it as a critical component of a complete
 story of evolution. He promoted this idea in an
  book titled   The History of Creation. Haeckel
 sent Darwin a copy, and in his letter of thanks,
 Darwin makes the following comment in regard to
 SG: “I much wish that this latter question could be
 settled, but I see no prospect of it. If it [abiogenesis]
 could be proved true this would be most important
 to us.”   It seems clear that Darwin believed in the
 possibility of the abiogenesis version of SG but was
  10 
  Charles Darwin, 
 The Origin of Species: By Means of Natural Se-
lection or the Preservation of Favoured Races in the Struggle for
 Life, th ed. (London: John Murray, ), .
  11 
  Francis Darwin, 
 The Life and Letters of Charles Darwin: Including
 an Autobiographical Chapter   (London: John Murray, ), :.
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 Figure ..   Alternative ways that nonliving matter could become alive.
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 on the whole pessimistic about the science of his
 day resolving questions surrounding it.
 Darwin's most famous quote about the origin of
 life reflects this great uncertainty and comes in
 another correspondence with a friend. In , five
 years before the letter to Haeckel, in a letter to his
 friend Joseph Hooker (–) he writes:
 It is often said that all the conditions for the first
 production of a living organism are now present,
 which could ever have been present. But if (and
 oh what a big if) we could conceive in some
 warm little pond with all sorts of ammonia and
 phosphoric salts,—light, heat, electricity &c
 present, that a protein compound was chemically
 formed, ready to undergo still more complex
  changes. 
 From this and other less direct comments, it is clear
 that Charles Darwin recognized the vital impor-
tance of the question of life's origin, but he also rec-
ognized the limitations in scientific understanding
 of life at a fundamental level at that time. His “big if ”
 seems to reflect a reluctance to do much more than
 dream about what might be possible. While Darwin
 chose to remain scientifically reticent on the origin-
of-life question, Haeckel and other Darwinian sup-
porters were less reluctant and were busy eagerly
 promoting the abiogenesis agenda.
 Thomas H. Huxley (–) was an English
 biologist who was an aggressive supporter of
 Charles Darwin and a close friend of Haeckel. He
 is sometimes referred to as “Darwin's Bulldog”
 and is famous for his  debate at Oxford Uni-
versity with Bishop Samuel Wilberforce (–
 ) on the subject of Darwin's newly published
 theory, often viewed as an evolution-versus-
religion encounter. The understanding of the
 nature of biological material inside the cell was still
 in a rather primitive state in the middle of the
 nineteenth century. Most biologists, including
 Huxley and Haeckel, held to the idea that the intra-
cellular material, the so-called protoplasm, was
  12 
  Darwin, 
 Life and Letters, :-.
 responsible for life's characteristics, but little was
 known about any of the fine structure of this ma-
terial. The importance of the nucleus or of nuclear
 substances, such as DNA, was something still to
 be discovered in the distant future. Based on this
 limited understanding of biology, Haeckel sug-
gested that life could have gotten its start in the
 form of a stage that was intermediate between
 inorganic matter and the protoplasmic material
 that composed the cell. He postulated that this
 intermediate material, known as   monera   (from
 the Greek word for “simple”), consisted of struc-
tureless, jelly-like matter that would be capable of
  reproduction and nutrition. 
 In , encouraged by his friend's hypotheses,
 Huxley studied some ten-year-old mud samples
 dredged from the sea bottom near Ireland. He ob-
served a gelatinous substance in which tiny, cir-
cular, plate-like structures were embedded that
 appeared to be fragments of a hard material. He
 interpreted the gelatinous material to be remnants
 of “monera” and the hard fragments to be the
 residue of its skeleton. In honor of Haeckel's pre-
diction that anticipated his discovery, he named
 the organism   Bathybius Haeckelii. Soon other in-
vestigators were reporting similar discoveries.
 Haeckel enthusiastically embraced the discovery
 and generalized it, imagining that the entire sea-
floor might be covered with a film of living ma-
terial, which he named   Urschleim   (original slime).
 Unfortunately,   Bathybius   proved to be a Victorian-
age discovery that did not, as Stephen Gould
 (–) has put it, outlive Queen Victoria. A
 seagoing expedition in the s to search for
 further samples turned up no new finds. It was
 soon discovered that the gelatinous material in the
 mud was an artifact of the way scientists preserved
 mud samples. The standard procedure was to add
 alcohol to the mud. One member of the seagoing
 expedition observed that whenever he added
  13 
 The term survives today as a biological classification for simple
  organisms. 
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 alcohol to fresh mud from the bottom of the ocean,
 something resembling   Bathybius   appeared. The
 chemists on the expedition discovered that the ge-
latinous material that formed was in fact not bio-
logical but actually a colloidal precipitate of
 calcium sulfate caused by the introduction of the
 alcohol. The director of the expedition immedi-
ately wrote to Huxley, who ate crow, admitting his
 error.   Thus the first claim for evidence of abio-
genesis in the natural world proved to be false.
  19.5. THE ALTERNATIVE 
  OF PANSPERMIA 
 Before we extend our discussion of origin-of-life
 science into the twentieth century, we need to at
 least briefly review one other suggested source for
 terrestrial life that was proposed by some scientists
 in the late nineteenth century. It has survived with
 some adherents even into the present century.
 Pasteur and his followers interpreted his results
 to mean that life proceeds only from life. Both he
 and his opponent, Pouchet, believed that the ini-
tiation of life in the beginning was by divine fiat. If
 terrestrial abiogenesis was not accepted as an alter-
native hypothesis, for those observers in the late
 s who rejected a divine creation event there
 remained only one alternative. Life may be
 eternal—that is, it may have always existed—and
 its appearance on Earth resulted from transport
 from another part of the cosmos. This belief that
 life originated outside the Earth's boundaries and
 was transported here has come to be known as
 panspermia—from the Greek for “seeds” (sperma)
  and “everywhere” (pan). 
 Panspermia seems to have had its greatest
 success among physical scientists rather than bi-
ologists. One of the more prominent of these in the
 nineteenth century was Lord Kelvin. Unlike many
 of his contemporary panspermists, Kelvin was a
  14 
 The hard, circular, plate-like fragments were shown to be pieces
 of algal skeletons from contemporary organisms that had sunk
 to the ocean bottom.
 churchman and did not believe life to be eternal
 but instead believed in a divine origin for life. He
 was also very skeptical of Darwin's ideas and held
 strongly to the “life from life” interpretation of Pas-
teur's experiments. He argued that life could have
 originated extraterrestrially, having been released
 from its location on another planet through inter-
planetary collisions and carried here in debris in
 the form of a meteorite.
 In contrast to Kelvin, a fellow panspermist,
 Swedish chemist Svante Arrhenius (–),
 believed in the eternality of life. In the late nine-
teenth century the eternal nature of matter was
 widely held to be true in both philosophical and
 scientific circles. On the basis of thermodynamic
 arguments, Arrhenius believed that the cosmos
 has always existed. At the beginning of the twen-
tieth century, he extended his ideas about matter's
 eternality to the question of life's origin, arguing
 that it had no beginning, just like the material
 world. He believed that life has always existed and
 that the only important question, then, is, How did
 it get here? Arrhenius believed that life in the form
 of minute spores could survive the harsh condi-
tions of space and could be carried between planets,
 propelled by radiation of star light.
 Both Kelvin's and Arrhenius's proposals met
 with strong criticism and attracted few adherents.
 As a consequence, belief in panspermia fell to
 low levels through most of the twentieth century
 until it experienced a brief revival late in the
 century. Two prominent individuals who pub-
lished works proposing it were Nobel laureate
 biophysicist Francis Crick (–) and as-
tronomer Fred Hoyle (see chaps. -  for more of 
 his work) and his colleague Chandra Wickrama-
singhe. Hoyle, in proposing panspermia, was
 motivated by the extreme complexity of life and
 the difficulty of imagining its origin in purely
 physical terms. This led him to be very critical of
 various modern theories of abiogenesis and to
 propose panspermia in their place.
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 Crick, however, took a different approach. In
  Crick, who earned his Nobel for the discovery
 of the structure of the DNA molecule, proposed in
 an article with Leslie Orgel the notion of directed
 panspermia. In  he expanded the ideas in a
 book titled   Life Itself. In these publications Crick
 does not draw on the old argument of life being
 eternal, without a beginning. By this point in the
 twentieth century Big Bang cosmology had gained
 virtually full sway among scientists (chap. ), 
 making a panspermia argument for eternal life in-
defensible. Rather, Crick argues that on the basis
 of the great complexity of even the simplest living
 forms, the probability of life appearing on the pri-
mordial Earth may have been very small, perhaps
 virtually zero. Conversely, it could have been very
 large, almost certain. Not knowing the mecha-
nisms involved or the conditions prevalent on the
 primordial Earth, he argues that we have no way
 of estimating this probability. Meanwhile, he
 thought astronomical evidence suggested the ex-
istence of many other planets, some of which may
 have had conditions equal to or perhaps even
 more conducive to life's appearance than those of
 the primordial Earth. Based on these consider-
ations, Crick suggests the possibility that life
 originated on at least one of these planets rela-
tively close to Earth but prior to Earth's appearance
 and evolved until there were conscious beings
 similar to humans. The resulting civilization in-
tentionally decided to export simple life forms
 such as algae to infect other planets. By this point,
 Earth had come into existence and was fortunate
 enough to be one of the recipients. Thus the sug-
gestion that life may have arisen terrestrially
  through directed panspermia. 
 In spite of Crick's status in the scientific world,
 the proposal has not gained very much traction.
 Most observers admit the extreme difficulty of the
 questions involving probabilities and mechanisms
 of life's origin. However, there is a general con-
sensus that postulating an extraterrestrial origin
 for life on Earth merely transfers the problem to
 another venue where we are even less able to inves-
tigate the conditions and physical events involved
 in the process. Nevertheless, interest in the possi-
bility of life's occurrence beyond Earth continues
 to increase. In fact, a whole new scientific disci-
pline known as astrobiology has developed in the
 last few decades, the purpose of which is to search
 for extraterrestrial life and to investigate the condi-
tions requisite for its origin on this planet as well
 as other places in the universe.
  19.6. ABIOGENESIS REVIVED: THE 
  OPARIN-HALDANE HYPOTHESIS 
 Following the failure of early attempts at theo-
retical and empirical study of abiogenesis in the
 s, there came a rather long dormant period.
 The revival of activity and interest in an abiogenic
 origin for life is generally attributed to two scien-
tists, a Russian and an Englishman, whose profes-
sional careers began in the s. A Soviet bio-
chemist named Alexander Oparin (–)
 and British biologist J. B. S. Haldane (–)
 both figure prominently in the story, and the op-
erative theory that initiated important experi-
mental studies bears their names together, though
 initially they worked independently and without
 knowledge of the other.
 By the early twentieth century, the protoplasmic
 theory of biology had given way to new develop-
ments in the understanding of the cell. The genetic
 continuity of life via cell division and transmission
 of nuclear material in cell division had become
 known in the late s. The first decades of the
 new century saw the rise of the new science of bio-
chemistry, which began to focus on the nature of
 proteins and their role in facilitating life-sustaining
 chemical reactions inside the cell. In spite of these
 hints at complexity, however, the biological cell
 still appeared to be much simpler than later inves-
tigation was to demonstrate. In a sense, this con-
tinued belief in a fundamental simplicity that was
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 left over from the protoplasmic theory allowed
 Oparin and Haldane in the s to imagine how
 life could arise from nonlife.
 The contributions of these two men to origin-
of-life science began early in their scientific ca-
reers. Oparin published a paper titled “The Origin
 of Life” in  at the age of thirty,   and Haldane
 published one with the same title in , when he
 was thirty-six.   In the views of both men, the first
 step in abiogenesis necessarily must involve the
 formation of organic substances from inorganic
 starting materials. Fundamentally organic com-
pounds are substances that are either hydro-
carbons (only atoms of carbon and hydrogen
 present) or derivatives of them (other kinds of
 atoms included). If abiogenesis is to get started,
 somehow these organics had to be formed from
 inorganics, substances that did not have the carbon
 and hydrogen atoms bonded to each other. Oparin
 proposed that organic substances formed from re-
actions between heavy-metal carbides (com-
pounds of metals with carbon) and steam (heated
 HO vapor). Haldane suggested reactions between
 gaseous substances including methane (CH), am-
monia (NH), and water to form simple organic
 molecules such as sugars and amino acids. Both
 scientists believed that this first step of forming
 simple molecules, termed monomers—meaning
 “single [mono-] unit [-mer]”—was key to bridging
 the inorganic and organic worlds.
 Little was known about the specific structures
 of biomolecules such as proteins at this time, but
 it was clear that these were very large molecules
 containing literally hundreds or thousands of
 atoms. Thus the next step required was the cou-
pling together of the monomers to form these
 larger structures known as polymers—meaning
 “many [poly-] units [-mer].” Oparin believed that
  15 
 A. I. Oparin, “The Origin of Life,” trans. Ann Synge, in John D.
 Bernal,   The Origin of Life   (London: Weidenfeld and Nicolson,
 ), - (originally published in ).
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 J. B. S. Haldane, “The Origin of Life,” in Bernal,   Origin of Life,
 - (originally published in ).
 these polymers collected to form colloidal sus-
pensions—small, submicroscopic particles (or,
 compared to atoms, relatively large molecules)
 that float in water without settling out. As these
 colloidal suspensions increased in complexity,
 they clumped together to form still-larger struc-
tures that were more cell-like in nature, which
 gradually began to acquire lifelike characteristics
 by performing the processes that living cells ac-
complish in being alive. Haldane, however, be-
lieved that these polymers collected in the oceans
 to form a kind of broth, what came to be known
 as the primordial or prebiotic soup. Haldane also
 showed considerable interest in another im-
portant early twentieth-century biological dis-
covery, the submicroscopic entities known as vi-
ruses. He believed that a virus could be
 characterized as a simple self-replicating mo-
lecular structure that represented a stage between
 nonlife and life. He imagined that they consti-
tuted an example of how a simple molecule could
 undergo reproduction, which he viewed as an
 important part of the story, thus adding a genetic
 component to the theory.
 While the specifics of their separate theories dif-
fered, the commonalities that they shared made
 their inclusion under one framework possible. For
 one, the authors of the theories had the same phil-
osophical outlook on the science of origins and its
 implications. They were both ardent antivitalists
 and convinced materialists who coincidentally
 also shared a similar political affinity for Marxism.
 More importantly, their theories were readily
 merged into a unified whole because they both em-
phasized a gradual process in transitioning from
 the inorganic world on the primordial planet
 through various chemical stages to reach in a rela-
tively slow (rather than spontaneous) manner a
 threshold state that could be considered alive. For
 later generations of origin-of-life scientists, the
 combination of the two proposals, which came to
 be known as the   Oparin-Haldane hypothesis,
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 became a kind of milestone. The science was woe-
fully inadequate when the theory was proposed
 compared to present-day standards because both
 biochemistry and molecular biology were still in
 their infancy, but the theory nevertheless provided
 at least a theoretical structure for the beginning of
 experimental studies on potential chemical paths
 leading from nonlife to life. The first serious at-
tempt at experimental testing of Oparin-Haldane
 ideas came around the middle of the twentieth
 century at the University of Chicago. But before we
 discuss this important next step in the story, it is
 time to take a brief detour to consider what the
 search is all about—in other words, how should
  life be defined? 
  19.7. DEFINING LIFE 
 If you do not know what you are looking for, it
 is not likely that you will find it. In considering
 the origin of life, an important question, and
 one not so easily answered, involves the defi-
nition of life itself. Numerous definitions have
 been suggested by various origin-of-life scien-
tists, but none has gained general acceptance.
 One approach is to define it in terms of the char-
acteristics that a living system should exhibit to
  qualify as such. 
 A definition that provides a good initial
 framework for our ongoing discussion of the
 science of life's origin is one suggested several
 years ago by Nobel laureate biochemist Christian
 de Duve in a book about his theory regarding life's
 beginnings. According to de Duve, life involves
 “the ability of a system to maintain itself in a state
 far from equilibrium, grow and multiply, with the
 help of a continual flux of energy and matter sup-
plied by the environment.”
 This definition is basically a chemical one. An
 important chemical term that introduces a critical
 idea in this definition is   equilibrium. The under-
standing of chemical equilibrium, especially in re-
lation to two other important words in the definition,
 energy   and   matter, requires further elaboration.
 When a chemical system is operating “far from
 equilibrium,” the typical chemist immediately
 thinks in terms of an energy diagram, or more spe-
cifically a   free-energy   diagram. Free energy is given
 the symbol G and is called “free” because it is the
 maximum energy free to do work. Consider a very
 simple chemical system, a mixture of hydrogen gas
 (H) and oxygen gas (O) in a two-to-one molecular
 ratio, as represented at the top of the diagram in
  figure .  at a relatively high value of G. The curved 
 line represents an imaginary G surface. As shown
 on the diagram, the hydrogen-and-oxygen mixture
 lies in a small depression on this imaginary surface.
 Movement left to right along this surface represents
 a chemical change. A mixture like this might seem
 to be stable because it can exist in the shallow de-
pression high on the G surface for a long time with
 nothing happening. But if we give it a little spark, a
 sudden explosion occurs with a lot of fire and noise.
 In terms of the diagram, the spark pushes the
 hydrogen-oxygen mix over the little hump, and the
 system rolls downhill on the G surface very rapidly.
 Since energy must be conserved in any process, the
 decrease in G, the free energy, results in the release
 of energy in the form of heat, light, and sound—
  17 
  Christian de Duve, 
 Blueprint for a Cell
  (Burlington, NC: Neil 
  Patterson, ), . 
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 Figure ..   Oparin-Haldane hypothesis synopsis.





[image: ]
  FROM SPONTANEOUS GENERATION TO ABIOGENESIS 
  359 
 the fire and the noise.   The chemical product of
 the reaction is water, which, as represented on the
 diagram, lies at a much lower G.
 For a chemist, equilibrium is defined as the
 state of a system at its lowest possible G. For our
 hydrogen-oxygen mix, it occurs at the bottom of
 the G surface, at which virtually all of the hydrogen
 and oxygen is present as water. In terms of stability,
 the equilibrium state is the most stable state of the
 system because there is only one possible way to go,
 and that is up. But that would defy the law of con-
servation of energy, so the system cannot do that
 on its own. It is stuck in the equilibrium state at
 minimum G. Hence, chemists always expect that
 whenever a chemical process proceeds on its own—
 that is, without outside assistance—it moves
 toward equilibrium by rolling down the imaginary
 G surface, just as balls on a real surface always roll
 downhill. If we wanted to reverse the process, we
 would have to provide energy from outside the
 chemical system to push the system back up the
 hill, turning water back into hydrogen and oxygen.
  18 
 G, the free energy, can be thought of as analogous to potential
 energy in physics. When a ball rolls downhill, its potential en-
ergy is converted into kinetic energy, energy of motion. Simi-
larly, when the H-O  chemical system rolls downhill on the
 imaginary G surface to form water, its free energy is converted
 into energy in the form of heat, light, and sound.
 That is a possible process, but it is not one that
 happens without outside assistance, the provision
 of energy from outside.
 When de Duve says that life is a system that op-
erates in a state far from equilibrium, he means that
 things that are alive are living at the top of a G hill
 similar to the hydrogen and oxygen before reaction.
 As shown in figure ., life is in a metastable (not 
 truly stable) state, like the hydrogen and oxygen
 gases. Of course, there are very important differ-
ences between a living system and the hydrogen-
oxygen mixture. The hydrogen-oxygen mixture
 prior to reaction is chemically static—nothing is
 changing. In living systems, there are chemical pro-
cesses that are continually occurring. We can be
 quite certain that all of these chemical processes
 individually obey the same principles that the
 hydrogen-oxygen reaction does. In other words,
 they are running downhill toward equilibrium.
 How is that possible? Clearly, if everything in
 the living system is running downhill, eventually
 everything will wind up at the bottom of the hill at
 chemical equilibrium. If this were allowed to
 happen, at the bottom of the hill there would be no
 life left in the system. In other words, death would
 G
  Progression of Reaction 
  2H2 + O2 
 2 H2O 
 Figure ..   Free-energy diagram for water-forming reaction.
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  Inanimate, 
  Dead Matter 
  Chemical 
  Equilibrium 
 Figure ..   Life on a G surface far from equilibrium.






[image: ]
  360 
  PART FOUR: ORIGIN OF LIFE ON EARTH 
 have occurred.   Chemically and thermodynami-
cally speaking, equilibrium equals death. So how
 does a living system stay alive, in chemical ther-
modynamic terms? The simple answer is by   me-
tabolism. Metabolism involves the continual input
 of energy that must occur to sustain the living
 system at the top of its potential energy hill. In the
 hydrogen-oxygen analog, it would be comparable
 to a continuous input of energy to break apart the
 water so that the reaction of hydrogen with oxygen
 could be repeated over and over again.
 The source of energy for organisms like us to
 keep the life-perpetuating reactions going is the
 chemical potential energy stored in the foods we
 eat. For green plants, it is the sunlight captured by
 their chlorophyll molecules. But in either case, the
 living system makes use of the outside energy
 source to drive the chemical system inside the cell
 away from the equilibrium state that means death.
 De Duve's continual “flux of energy and matter” is
 a reference to this metabolic means by which life
 keeps itself going. We will discover, as we continue
 our description of the scientific quest for life's
 origin, that an important strand in the story in-
volves a search for the origin of metabolism.
 That is not the whole story, however. De Duve
 also refers to the ability of life to multiply. Another
 critical characteristic of life is its ability to re-
produce itself. In considering the origin of life, it
 should be obvious that unless the first living entity
 was able to generate at least a second version re-
sembling itself, its own death would have been the
 end of the line. Thus a second important strand in
 the quest for life's origin involves the search for
 systems that are capable of replication. A living
 system must not be able merely to sustain itself
 metabolically but also to reproduce itself by some
 means. Usually this reproductive process is
 thought of as involving some type of information
 transfer from one generation to the next. In other
 words, if the living system can make a copy of itself,
  19 
 This is similar to the heat death of chap. . 
 then the information that defined its nature gets
 reproduced, and its life form is passed to the suc-
ceeding generation. This is the process in modern
 advanced life forms described as a genetic transfer.
 Thus to the metabolism component we must add
 the genetic component. Frequently, as we will dis-
cover, some camps of origin-of-life researchers
 have emphasized one of these two important com-
ponents in life's definition, often at the expense of
 the other. The result has been the development of
 opposing camps within the discipline, pitting   me-
 tabolists versus geneticists. 
 Ability to replicate carries with it the implicit
 capacity for change from one generation to an-
other since in any replication of genetic material
 there exists the possibility for variations in the
 copying process. Such a capacity for modifi-
cation between generations allows for the pos-
sibility of an evolution of life forms (part ).
 Most origin-of-life scientists would prefer to in-
clude this capacity for evolutionary change as a
 defining characteristic of life.
 Finally, we need to add one more component to
 the list of life's characteristics—one that de Duve
 chose not to include in his rather compact defi-
nition. Ever since the development of the cell
 theory in the biology of the nineteenth century,
 scientists have considered the establishment of a
 physical boundary between the living system and
 the outside world an important aspect of defining
 life. As a consequence, there has been a clear ten-
dency for origin-of-life researchers to seek ways
 that the hypothetical first life could have separated
 itself from its environment by a wall or boundary
 of some sort. The opinions about whether this is a
 crucial aspect of life's definition have not been
 unanimous. Nevertheless, the belief in the ne-
cessity of a boundary for life, to establish and
 maintain the living system's integrity apart from its
 surroundings, is sufficiently common that it
 should be included at least in our consideration, if
 not in our definition.
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 To summarize, then, there are three important
 proposed defining characteristics for life to keep in
 mind as we continue our discussion. A living system
 must be () self-sustaining through the input of
 matter/energy from its surroundings; () self-
replicating through some sort of intergenerational
 information transfer, including the capacity for evo-
lutionary change; and () integral—that is, capable
 of maintaining its integrity through what might be
 termed encapsulation or compartmentalization.
  19.8. ESSENTIALS OF LIFE 
  AND ITS CHEMISTRY 
 How large must a system be to be alive? Figure . 
 shows the range of sizes of life forms as we ob-
serve them today compared to the sizes of the cel-
lular components and the atomic and molecular
 structures that make up those components. Note
 that the vertical scale is a logarithmic one,
 meaning that a given distance corresponds to a
 tenfold change in linear size. Thus, for example,
 the diameter of a human hair would be about ten
 times larger than that of a typical plant or animal
 cell. Similarly, a typical virus is almost ten times
 smaller than the smallest bacteria, while proteins
 are roughly one hundred times smaller.
 If we focus on the three
 main types of components
 of life as we know it today,
 we can construct a matrix
  or tabular representation 
  of life's organization. 
  Figure .  shows the size/ 
  complexity relationships 
 between the levels of bio-
 logical and biochemical 
 structures. Notice that the
 five horizontal rows in
  figure .  correspond ap- 
proximately to the five
 lowest steps in terms of
 size in figure ., from 
 . nanometer up to one
 thousand nanometers (. nm = –  m, and ,
 nm = –  m). The components in a given com-
partment can be thought of as being composed of
 the components in the same column, one row
 below. For instance, genes are made of DNA, which
 in turn is composed of nucleotides. Note that ribo-
somes lie on a boundary since they are made of
  10 m
  1m 
  10-1 m
  10-2 m
  10-3m 
  10-4 m
  10-5m 
  10-6m 
  10-7 m
  10-8 m
  10-9m 
  10-10m 
 -
 -
 -
 -
 -
 -
 - human height 
  walnut 
  ant 
  human hair diam. 
  plant/animal cells 
  bacteria 
  virus 
  proteins 
  small molecules 
  atoms 
  Electron Microscope 
  Human Eye 
  Light Microscope 
 Figure ..   Relative sizes of organisms and their components.
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 Figure ..   Levels of chemical/biological organization.
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 both proteins and RNA. The second, third, and
 fourth columns relate to the three primary func-
tions required for a system to be alive in our defi-
nition in section . and illustrate how the various
 components in the columns play ministerial roles
 in making life possible (§ ..). The second column
 includes the molecular substances, monomers and
 polymers, principally involved in metabolism—the
 amino acids, proteins, and their enzyme complexes.
 The third column includes the monomers and
 polymers (RNA, DNA) involved in the reproductive
 process—the genetic component. The fourth
 column contains the molecular entities and the
 larger structures involved in forming a boundary
 for the living system, the cell membrane. Note that
 in each column both the size and complexity in-
crease going up, ranging from small and simple
 molecules, such as NH  in the bottom row, up to
 relatively large cellular structures containing very
 complex things composed of huge numbers of
 atoms at the top.
 Getting back to the original question of the size
 necessary for life, it clearly becomes in part a
 question of how complex the system has to be to
 sustain all of life's functions. Origin-of-life scien-
tists differ in their response to this question. Abio-
genesis necessarily requires beginning at the
 bottom level with simple molecules and moving
 ultimately to cells at the top. At what point in a
 hypothetical scenario would it be appropriate to
 identify something as being alive? Frequently
 origin-of-life scientists argue that to try to draw a
 line between life and nonlife in the historical
 movement upward on the diagram is meaningless
 and that we should think instead in terms of a con-
tinuum with no clear crossover point from non-
living to living. Some would contend, however,
 that the term   living   should be reserved for a func-
tional cell of some sort.
 A very important aspect of life on Earth is its
 singularity. By this we mean that no matter what
 type of organism is under consideration, from the
 tiniest bacterium to the most highly functioning
 mammal, the chemistry of the life processes in-
cludes striking similarities, illustrating the func-
tional integrity (§ ..) of the chemistry of life. For
 example, all life forms use essentially the same set
 of twenty amino acids to make their proteins, and
 all that are chiral (only glycine is not) are “left-
handed” (§ .). All life forms use the same mo-
lecular structures, the so-called nucleobases, to
 construct the information-bearing molecules RNA
 and DNA.   The same sugar (ribose) is part of the
 backbone of all nucleic acids. It is also chiral, and
 only the one form is used, the right-handed version.
 The similarity of the fundamental chemistry
 throughout all forms of life provides one of the
 strongest arguments for those who would contend
 that all life got started only once, or, at least, only
 one version survived if there have been multiple
 starts. A corollary of this idea is the postulate of a
 last universal common ancestor (LUCA), assuming
 a Darwinian model for life's progression after its
 beginning (chap. ). 
 Returning to the organization matrix in figure 
  ., the functional integrity of the chemistry of 
 our universe shows up in a striking way in the
 chemistry of life. As shown in the bottom row, the
 number of elements that are critical to life in high
 concentrations is rather small: carbon, hydrogen,
 nitrogen, oxygen, phosphorus, and sulfur. In ad-
dition to these six, there are other elements that are
 secondary in importance, playing a more sup-
portive role. These include potassium, sodium,
 and chlorine, which are present mainly as ions and
 are involved in maintaining charge balance, and
 calcium and magnesium. The latter elements play
 important roles both structurally, in hard body
 parts, and chemically, in their interaction with
 proteins and the nucleic acids. Finally, there are
 trace elements that, regardless of their relatively
 low concentrations, perform vital functions,
 mainly as the active centers of molecules known
  20 
 We will have much more to say about information-bearing bio-
logical molecules in chap. . 
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 as metalloproteins. The most important metals
 serving in this capacity are iron, zinc, and copper.
 Of all the elements, carbon is by far the most
 important, and it gains this life-essential charac-
teristic because of its many unique bonding capa-
bilities.   It is arguably the most versatile element
 on the periodic chart. It forms a total of four bonds
 per atom and can do this in a variety of ways, using
 single, double, or triple bonds. The various combi-
nations are represented in figure .. (Chemists 
 get tired of repeatedly writing elemental symbols
 in big molecules, so they have developed the
 shorthand for hydrocarbon structures shown in
 the figure.) C atoms form strong bonds with other
 C atoms as well as with N, O, and H. They are ca-
pable of forming stable ring structures including
 the category known as aromatic, in which the
 atoms are arranged in flat five- or six-membered
 rings. This range of different bonding character-
istics is unique to carbon and is exhibited in many
  biomolecular structures. 
 The common bonding patterns of the other five
 key elements shown in figure .  also help de- 
termine what is possible in the chemistry of life.
 Next to C, nitrogen shows the most versatility. In
 particular, it is able to substitute for C in the five- or
 six-membered aromatic rings. This significantly
  21 
 Recall that the singular properties of carbon suited for life gave
 the atheist Hoyle pause for thought about whether this element
 was designed by an intellect (§   .).
 changes the chemical behavior of these important
 planar structures, especially critical in RNA and
 DNA. In these molecules, the N atom in the aro-
matic ring is able to engage in hydrogen bonds (il-
lustrated in fig. .). Hydrogen bonds are the 
 relatively weak links that occur in numerous im-
portant biomolecules and are mainly involved in
 helping to determine their three-dimensional
 shapes. For instance, the two strands of DNA in the
 famous double-helix structure are held together by
  hydrogen bonds. 
 Perhaps the most important chemical for life's
 existence does not contain carbon. Water is gen-
erally agreed to be absolutely critical for terrestrial
 Going Further: What About the
 Possibility of Other Life Forms?
 The conclusion that life got started only once or that only one form survived represents another example of an inference
 to the best explanation (§ ..). Nevertheless, it is a conclusion that, as is the case in much of scientific theory, must be
 held with less than absolute certainty. For instance, the discovery of a second form of life would clearly negate the
 conclusion. In fact, it has been argued that the reason we know of only one version may be that we do not know how to
 look for other forms of life. This reasoning has led to suggestions that there should be serious consideration given to a
 search for alternate versions of life, not only extraterrestrial but on Earth as well.a
 a
 Carol E. Cleland and Shelley D. Copley,“The Possibility of Alternative Microbial Life on Earth,”International Journal of Astrobiology    (): -.
 Four different ways that carbon can form four bonds.
  CH2 
  CH 
  CH2 
  CH3 
 Shorthand representation of rings and chains. Each
 vertex represents a carbon atom bonded to as many
 H atoms as necessary to make a total of four bonds
  on that C. 
 Bonding Patterns of Carbon
 C
 C
 C
 C
 Figure ..   Various ways that C bonds. The hexagon in the center is a
 special case, known as aromatic.
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 life and, many would argue, for extraterrestrial life
 as well, if it exists. Water has many unique charac-
teristics. It is extremely effective as a solvent for
 ionic substances and molecules that contain charge
 separations (known as   dipoles) as well as mole-
cules capable of forming hydrogen bonds, since
 HO is a hydrogen bonder par excellence. Many
 biomolecules fit one of the foregoing descriptions;
 thus water is a very good life-supporting solvent. It
 also has seemingly ideal physical characteristics,
 particularly a wide liquid range relatively high on
 the temperature scale for such a small molecule
 and the very unusual property of a solid form that
 is less dense than its liquid form. In addition, it has
 the capacity to absorb large amounts of heat energy
 as it warms and requires relatively large amounts
 of energy to evaporate. All of these properties con-
tribute to its unique life-supporting capability.
 Having sung the praises of water's exceptional
 solvent characteristics, it is important to note an-
other aspect of water chemistry that has proven to be
 challenging in some contexts for origin-of-life
 science. Water is capable of reacting with other mol-
ecules. This means it is able to break bonds and form
 new ones. The participation of water in reactions of
 this sort is known as hydrolysis (see “Going Further:
 Hydrolysis” in § .. for more detail). The challenge
 for life's origin posed by hydrolysis arises because
 important larger molecules can be broken into their
 parts by this process. Thus big molecules such as
 RNA that are needed for life-supporting chemistry
 can get broken down by reaction with water.
 With this brief background on life and its
 basic chemistry—striking examples of creation's
 functional integrity and ministerial nature—we
 are ready to begin the discussion of the scientific
 efforts at understanding how abiogenesis may
 have occurred. In the next chapter, we start
 where this scientific effort began, via attempts at
 simulating the origin of Oparin and Haldane's
  primordial soup. 
 O and S both have two
 different ways to form
  two bonds. 
 N can form three bonds
 in three different ways.
 H forms one bond except in the
 special case of “hydrogen
 bonding,” in which, if it is already
 bonded to N or O, it can make a
 weak link to another N or O.
 P forms five bonds in
  phosphate. The Os 
 may or may not link. If
 they do not, they carry
 a negative charge. 
 Bonding Patterns of H, N, O, P, and S
 O
 S
 N
 N
 N
 H
 X
 H
 Y
 P
 O
 O
 O
 O
 Figure ..   Various ways that O, S, N, H, and P bond.
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  PREBIOTIC CHEMISTRY: PREPARING 
  THE PRIMORDIAL SOUP 
  THIS CHAPTER COVERS: 
 When and under what conditions life originated
 Prebiotic simulations of amino acid syntheses
 Prebiotic syntheses and assembly of nucleotide
  components 
 Polymer assembly from monomers
 Prebiotic origination of lipids
 Exogenous sources and the chirality question
 According to the Oparin-Haldane hypothesis, the
 first living organisms issued forth from an aqueous
 solution that contained the basic ingredients of life.
 This solution came to be known as the primordial
 soup (§ .). Where it occurred and whether it
 included the entire ocean or some much smaller
 puddle, resembling Darwin's “warm little pond,”
 was an open question, but it was widely accepted
 that the soup was necessary for life to start. The
 immediate question at hand, then, was, How did
 the components of the soup, the ingredients of life,
 come to exist on the primitive Earth?
 What was this soup assumed to be like? Was it
 something analogous to tomato puree or more like
 vegetable soup? Probably neither. Tomato puree
 has only a single major ingredient, and in vege-
table soup, while there are many ingredients, they
 are all of the same type—vegetables. A better
 analog for the primordial soup among edible soups
 would be chicken corn soup, which has three major
 ingredients—chicken, eggs, and corn, all quite dif-
ferent in character. Similarly, there are three main
 components that are chemically quite distinct in
 every life form observed to date. First there are the
 proteins, necessary for making possible much of
 the chemistry of life through their catalytic activity.
 They would be represented by the chicken in our
 soup analogy. Next there is the genetic material,
 the DNA and RNA, which encodes the instructions
 necessary for the ongoing cell construction and
 reproduction. The eggs are a good analog for them.
 Finally there are the substances that make up the
 cell membranes. The common name for these mol-
ecules is lipids. The corn represents them in our
  edible soup analogy. 
 If you were going to make chicken corn soup,
 you would take the chicken and eggs from the re-
frigerator and open a can of corn. In other words,
 there would be no need to prepare the primary
 ingredients. Origin-of-life scientists who adopted
 the Oparin-Haldane framework in imagining how
 the major ingredients of life came to be available
 on the primitive Earth did not have the same
 luxury. Proteins, nucleic acids, and lipids would
 not likely have come ready-made on the early
 Earth. Thus, before we can discuss how these sci-
entists imagine life might have started involving
 these three ingredients of the soup, we have to
 begin with a consideration of how the ingredients
 themselves might have come to exist on Earth.
 Our main soup ingredients, the proteins, nucleic
 acids, and lipids, are themselves quite complex mol-
ecules—the polymers in the Oparin-Haldane hy-
pothesis. To make the polymers we have to first
 consider how to obtain the monomers of which they
 are composed. Two of our ingredients, the proteins
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 and the nucleic acids, are made of chains of
 monomers coupled together similar to railroad cars
 in a train. The monomers for the proteins are rela-
tively simple molecules known as α-amino acids.
 The monomers for the nucleic acids are called nucle-
otides, which are more complex, being themselves
 composed of simpler components—nucleobases,
 the sugar D-ribose, and phosphate. These relation-
ships are summarized in figure .. The lipids in a
 modern cell are not polymers but are also composed
 of simpler constituents—glycerol, phosphate, and
  fatty acids. 
 Exploration of how these monomers' starting
 materials might have appeared on a primordial
 Earth is where the first experiments in origin-of-life
 science started. To set the stage for that discussion,
 we have to consider two prior questions. Before an
 origin-of-life chemist can begin to investigate
 whether a compound can be made from substances
 presumed to be available in the prebiotic milieu, ob-
viously, they must have some sense of what mate-
rials were available and what conditions might have
 prevailed. Because conditions on Earth have varied
 substantially in the course of its four-billion-year
 history (chap. ), clearly another prerequisite is the 
 knowledge of at least approximately the time of life's
 first appearance. Therefore, we begin by asking two
 important questions: When and under what condi-
tions did life first originate on Earth?
 In the discussion that follows, keep in mind that
 from the perspective of the doctrine of creation, we
 are exploring how the functional integrity (§ ..)
 we have discovered in chemistry was possibly in-
volved in the origins of the biological building
  blocks for life. 
  20.1. THE ORIGIN OF LIFE: WHEN 
  AND UNDER WHAT CONDITIONS? 
 Earth has gone through vast changes in its
 .-billion-year history. The scientific response to
 the question of the timing of life's beginning has
 itself undergone change through time. Rather than
 discuss the history of this facet of the science, we
 will focus on the current view, which is represen-
tative of the majority opinion over the last several
 decades, covering most of the period of modern
 research into life's origin.
 How can we tell when life began? One way to
 establish a time would be to search for the oldest
 fossils that we can find. These might occur as
 traces of the simplest organisms, single-celled ones,
 in the oldest rocks on Earth. Paleobiologists have
 been busy in the last few decades looking for these
 microfossils. For fossils of simple cells to survive in
 these rocks, the rocks should not have undergone
 significant periods of heating or extensive weath-
ering. There are few places on Earth where there
 are very old rocks that meet these criteria; thus the
 source of samples is somewhat limited. Never-
theless, careful investigations of ancient rocks
 from northwestern Australia and from the eastern
 regions of South Africa have turned up micro-
fossils that are claimed to represent the oldest clear
 record of living organisms.
 One of the pioneers in this field is UCLA paleobi-
ologist J. William Schopf. About thirty years ago he
 reported the discovery of microfossils in rocks ob-
tained from Australia that were dated at . Ga.   The
 structures identified as microfossils can be seen only
 in thin slices of the rocks viewed under a microscope.
 His report stimulated similar investigations and led
 1
 J. William Schopf and B. M. Packer, “Early Archean (.-Billion
 to .-Billion-Year-Old) Microfossils from Warrawoona Group,
 Australia,”   Science    (): -.
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 Figure ..   Relation between biopolymers, monomers, and
  components of monomers. 
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 to similar reports by other scientists. In  Oxford
 University scientist Martin Brasier called into
 question Schopf 's identification of the structures as
 fossils.   Brasier contended that the structures ob-
served by Schopf were actually inorganic crystalline
 materials. Particular types of inorganic crystals can
 form inside rocks that mimic the structures of micro-
organisms.   Schopf defended his claims in the scien-
tific literature, and the debate appears to be unre-
solved at the present time.
 While the Schopf-Brasier controversy lingers,
 other paleoscientists, including associates of
 Brasier, have continued searching the very old
 rocks in Africa and Australia. An example of struc-
tures identified as microfossils by these scientists
 is shown in figure .. The structures are claimed 
 to be the fossilized forms of single-celled or-
ganisms that lived some . billion years ago, their
 2
 Martin D. Brasier et al., “Questioning the Evidence for Earth's
 Oldest Fossils,”   Nature    (): -.
 3
 It is interesting to note that in  the famous fossil-containing
 meteorite from Mars was discovered (see “The Mars Meteorite,”
 Lunar and Planetary Institute, www.lpi.usra.edu/lpi/meteorites 
  /The_Meteorite.shtml  [accessed July , ]). The general con- 
sensus today is that this fossil was merely an inorganic structure
 mistakenly taken to have a living origin.
 4
 For a fuller account of the Schopf-Brasier controversy, see Rob-
ert M. Hazen,   Genesis: The Scientific Quest for Life's Origin
 (Washington, DC: Joseph Henry, ), -. Recently Schopf
 has published new analytical data supporting his earlier claims.
 See J. William Schopf et al., “SIMS Analyses of the Oldest Known
 Assemblage of Microfossils Document Their Taxon-Correlated
 Carbon Isotope Compositions,”   PNAS    (): -.
 age being based on radiochemical dating of the
 rock (chap. ) in which they were found. In these 
 more recent finds it is claimed that improvements
 in chemical analytical techniques have made it
 possible to evaluate with greater confidence the
 validity of these fossil claims. One of these tech-
niques involves determination of the isotopic com-
position of the carbon and sulfur, two biologically
 significant elements, within the fossil structure.
 Variation in isotopic composition of elements
 has been used extensively as a marker of life or as
 a kind of chemical fossil for many years. Recall that
 the atoms of most elements can have different
 masses depending on the number of neutrons lo-
cated in their nuclei (§ ..). Thus carbon comes
 in mainly two forms,  C and  C, with atomic
 masses of twelve and thirteen, respectively. It turns
 out that the incorporation of carbon from CO  into
 organic substances by biological means results in
 the carbon becoming enriched in the lighter
 isotope. In a similar fashion, when particular bac-
teria use sulfate (SO–) in their metabolism, the
 ratio of heavy sulfur,  S, to light sulfur,  S, is af-
fected. By using supersensitive and high-resolution
 detection of the isotopic composition of the carbon
 and sulfur in the fossils' structures themselves, the
 discoverers of the fossils shown in the figure, Aus-
tralian paleobiologist David Wacey and his col-
leagues, were able to show with some confidence
 that the isotopic ratios in the fossil corresponded
 to those expected for a living system. This fact
 coupled with additional evidence from the geo-
logical nature of the rock and spectroscopic studies
 of the carbon strengthened their belief that these
 structures were once alive.
 Based on studies such as the one just described,
 at the present time it can be reasonably argued that
 there is good fossil evidence for life existing around
 5
 David Wacey et al., “Taphonomy of Very Ancient Microfossils
 from the ~Ma Strelley Pool Formation and Ma Gun-
flint Formation: New Insights Using a Focused Ion Beam,”   Pre-
cambrian Research   – (): -.
 6
  Wacey et al. 
 Figure ..   Microfossils from northwest Australia.
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 . billion years ago. Many scientists in the field
 would argue for an even earlier start, however. This
 viewpoint is largely based on carbon-isotope
 studies similar to the above but on samples drawn
 from large-scale deposits rather than from tiny
 fossils. If comparison is made between elemental
 carbon deposits in the form of graphite in ancient
 rocks and carbon found in limestone deposits,
 there is a clear difference. The graphite deposits are
 consistently enriched in  C. This has been inter-
preted to indicate that life was existent on Earth as
 early as . billion years ago, at the end of what
 paleogeologists call the Hadean Eon (§ .).
 So what was the earth like . billion years ago?
 And what gases were in its atmosphere? Were there
 oceans? You will recall from chapter eleven  on 
 Earth's origin and history that the further back in
 time we go, the less certain we can be in trying to
 answer these questions. The best data come from
 the rocks, and the further back in time that we
 proceed, the fewer rocks of that age are available.
 Regarding the question of oceans, most evidence
 suggests an affirmative response—there was plenty
 of water. In fact, most experts believe the oceans
 would have been even deeper than they are now.
 The date . billion years ago marks approxi-
mately the end of the Late Heavy Bombardment
 (§ .). Evidence from the surface of the Moon
 suggests that about . to . Ga both it and the
 Earth were subjected to a spike in collisions with
 large bolides, essentially giant asteroids. Some of
 these may have been large enough to create
 enough heat in the collision to temporarily evap-
orate part or even all of the Earth's oceans.
 Opinions about the significance of these events
 with respect to life's origin are greatly divided.
 Some believe that life may have started many
 7
 The isotopic evidence is firmest back to . billion years. Opin-
ions differ about the data from older specimens, which are both
 fewer in number and open to more questions regarding their
 validity. See Roger Buick, “The Earliest Records of Life on
 Earth,” in   Planets and Life: The Emerging Science of Astrobiology,
 ed. Woodruff T. Sullivan III and John A. Baross (New York: Cam-
bridge University Press, ), -.
 times before . Ga, and only one version sur-
vived the bombardment. Others believe that life
 got started soon (on a geological timescale) after
 things cooled down after the last big hit. Still
 others are skeptical about the evidence for the
 very early start for life based on carbon-isotope
 enrichment stretching back to . Ga.
 Another key question involves the nature of the
 Earth's atmosphere around this time. Would it have
 been more oxidizing or more reducing in character
 (§§ ., .)? It is certain that it was quite different
 from our present atmosphere, which is mostly N
 and O  with a little bit of HO, CO, and other
 minor components. Today's atmosphere is said to
 be oxidizing since there are more oxygen than hy-
drogen atoms in the molecules of the atmosphere.
 Oxidizing and reducing atmospheres mixed to-
gether do not stay that way very long. Recall the
 example of H  plus O  in section .. Pure H  can
 be thought of in this context as the ultimate re-
ducing atmosphere, and O  as the ultimate oxi-
dizing one. Together they rather quickly react
 when in contact with a spark or a flame to produce
 HO, a nice compromise, which is neither oxidizing
  nor reducing. 
 Most experts currently believe that the atmo-
sphere at the end of the Hadean Eon, when life is
 believed to have started, was neutral, somewhere
 between the extremes of oxidizing and reducing.
 The most prominent gases present were likely CO,
 CO, N, HO, and perhaps CH, in descending order
 of concentration. The atmospheric pressure was
 likely very much higher than currently, principally
 because of the large quantity of CO  in the air.
 There is a great diversity of opinion about the
 temperature at the surface of the Earth at this time.
 The Sun would likely have been only about 
 percent of current strength, which leads some sci-
entists to speculate that the oceans would have
 been frozen worldwide. Others believe that the
 CO  content would have been large enough to
 cause a very strong greenhouse gas effect, leading
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 to temperatures as high as two hundred degrees
 Celsius. Thus the range is from very cold to very
 hot, and there does not appear to be a great like-
lihood of it being in a temperate zone since it
 largely depends on to what extent and how rapidly
 the CO  was converted into carbonates that were
 subducted into the Earth's mantle. The sooner that
 happened, the more likely the Earth was cold
  rather than hot. 
 Finally, although the Sun was weaker in its
 overall output of light energy, it was emitting a much
 higher proportion of the more energetic portion of
 the spectrum. Hence, the intensity of x-rays and
 high-energy ultraviolet radiation was considerably
 greater than currently. This may have significant
 implications for the possible prebiotic chemistry
 able to happen in the primordial atmosphere.
 Thus, in summary, at the end of the Hadean
 Eon, when many believe life got started, the Earth
 was likely very wet (not much dry land around the
 planet, with deeper oceans) and either very hot or
 quite chilly. The atmosphere would have con-
tained a mixture of simple molecules, including
 primarily CO, CO, N, and HO, and was being
 impacted with a relatively high level of high-
 energy radiation. 
  20.2. ATTEMPTS AT PREPARING 
  SOUP INGREDIENTS: AMINO ACIDS 
 The primordial-soup hypothesis of Oparin-
Haldane remained just that for nearly a quarter of
 a century after it was first proposed. During that
 time, the world went through a deep economic de-
pression and a world war. Perhaps some of these
 external forces distracted the scientific community
 from giving attention to the fundamental ques-
tions raised by the Oparin-Haldane hypothesis. In
 any case, it was not until just after the beginning of
 the second half of the twentieth century that a se-
rious attempt was made to test the hypothesis in an
 experiment devised to simulate chemical pro-
cesses on the primordial Earth.
 The key players in this groundbreaking exper-
iment in  were a young University of Chicago
 graduate student, Stanley Miller, and a Nobel lau-
reate university chemistry professor, Harold Urey.
 Miller had read Oparin. After hearing a lecture by
 Urey on the possibility of organic molecules being
 formed in a primordial atmosphere, Miller ap-
proached him with the proposal of a simulation
 experiment to test this hypothesis, which could
 become part of his graduate thesis work. Urey was
 at first reluctant because of the great uncertainty of
 success but eventually agreed to accept Miller into
 his research group to attempt the experiment.
 Miller devised the apparatus shown in figure 
  .. To simulate the primordial atmosphere, he 
 used the same four gases originally proposed by
 Haldane—methane, ammonia, hydrogen, and
 water vapor from a boiling pot. This represented a
 strongly reducing atmosphere, its choice being
 based on the opinions about the primordial atmo-
sphere current in the mid-twentieth century.
 Miller ran his simulation by boiling the water and
  CH4 
  NH3 
  H2O 
  H2 
  Spark 
  discharge 
  Water out 
  Electrodes 
  Water droplets 
  Water containing 
  organic compounds 
 Liquid  water  in  trap
 Boiling  water
  Condenser 
  Water in 
 Figure ..   Miller-Urey apparatus.
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 Going Further: Amino Acids and Proteins
 Proteins are the workhorses in biological chemistry. They are what make things happen. In the minds of many, it is
 difficult to imagine how life could have started without them since in life as we know it today most important life-
sustaining processes do not happen without them.
 Proteins are polymeric molecules, long chains composed of units known as monomers. The monomers in the case
 of natural proteins are all drawn from a select group of twenty α-amino acids. These α-amino acids all share the same
 basic structure, as illustrated in figure 
  .. They differ only in the nature of 
 their side chains, the so-called R-groups.
 The letter   R   stands for a variety of differ-
ent chemical structures ranging from
 just a hydrogen atom to much larger,
  more complicated structures. 
 Amino acids with similar R groups
 show similar chemical properties, so it is
 advantageous to further subdivide the
 group of twenty. The most important de-
fining characteristic for our consideration
 is the water solubility imparted by the R-
group. A water-loving or   hydrophilic   R-
group tends to make the amino acid or
 molecules containing that amino acid wa-
ter soluble. Meanwhile, water-hating or
 hydrophobic   R-groups have the opposite
 effect. These α-amino acids can couple to-
gether to form   peptides   via what is known
 as a peptide bond. In the process, water is
 produced as a side product (fig. .). The 
 coupling process can be repeated many
 times, making a longer and longer chain,
 known as a polypeptide or a protein.
 You might expect a long chain like this
 to get tangled up into a random, scrambled mess. Some proteins avoid this fate and retain their linear character by joining
 together side by side to form biological structures such as the human hair. Many proteins, however, do fold back into
 themselves, forming what might appear to be a tangled, random structure. Actually, the folding occurs in a rather well-
defined manner so that the shape is anything but random but instead is quite specific for the particular protein (an ex-
ample of creation's functional integrity that has proven challenging for chemists to study). The way the protein folds is
 C
 H
 C
 R
  NH2 
 O
  HO 
  amino group 
  variable 
  acid group 
 Figure ..   An α-amino acid.
  H2O 
  peptide bond 
 a dipeptide 
  amino acid 1
 N
 C
 C
  R1 
 H
 H
 H
 O
  OH 
 N
 H
 C
 H
 C
 H
  R2 
  OH 
 O
 N
 C
 H
 H
  R1 
 H
 C
 N
 O
 C
 C
 H
  R2 
 H
 O
  OH 
  amino acid 2
 Figure ..   Two amino acids form a peptide bond.
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 dictated mainly by the tendency for
 the water-loving R-groups to stick out
 into the solvent, while the water-
hating R-groups are tucked inside
 away from the water (fig. .). 
 This ability to fold in a specific
 manner is very important since the
 shape of the protein determines
 how it interacts with other mole-
cules when it carries out its func-
tion. Notice that the shape of the
 protein is determined by the se-
quence of the amino acids. Thus se-
quence determines shape, which in
 turn determines function. It is im-
portant then that the protein has
 the right sequence since one R-
group being out of sequence or
 missing might be enough to change
 the shape of the protein and diminish its capacity to
 function. The most important role of proteins is the fa-
cilitation of chemical reactions that require specific
 molecules fitting together to engage in reactions.
  Figure .  illustrates how this sort of molecular jig- 
saw-puzzle-type interaction works. The protein func-
tions as a kind of mating service that brings together
 the two reacting molecules. In this case ATP and glu-
cose are brought together in the complex, a piece of the
 ATP gets transferred to the glucose, and the products
 depart, leaving the protein to do its work again. Pro-
teins that facilitate reactions in this manner speed up
 the rates of the reactions. Without the proteins, most
 biological reactions would be far too slow to allow life
 to happen or to continue, an example of the ministerial
 nature of creation (§ ..). Molecules that speed up
 reactions but are not themselves changed in the pro-
cess are called   catalysts. Biological catalysts such as
 proteins are called   enzymes.
  water 
  water 
  hydrophobic 
  groups 
  hydrophilic 
  groups 
 amino acids in a specific sequence
  etc 
  etc 
  R2 
  R3 
  R5 
  R6 
  R1 
  R4 
  R1 
  R2 
  R3 
  R4 
  R5 
  R6 
 Figure ..   Protein folding showing hydrophilic groups (green) on the outside and
 hydrophobic groups (brown) on the inside.
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 substrate 
  complex 
 +
 +
 Figure ..   Cartoon representation of enzyme action. See
  text for explanation. 
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 periodically providing an electrical spark that sim-
ulated lightning. The evaporation and conden-
sation was intended to represent the cycling of at-
mospheric and liquid water that would occur in a
 natural setting. After about a week of continuous
 operation, the water that condensed was found to
 contain a large variety of organic compounds, in-
cluding, as noted in the figure, some amino acids.
 The Miller-Urey experiment was heralded as a
 major breakthrough. It represented the first signif-
icant attempt at simulation of prebiotic conditions
 that resulted in the production of important bio-
molecules. Within a decade of the experiment,
 however, geologists began to question whether the
 atmosphere was as reducing as Miller and Urey
 had assumed. On both theoretical and empirical
 grounds, opinion began to shift toward a much less
 reducing atmosphere that would have contained
 many more oxygen atoms among the gaseous mol-
ecules and fewer hydrogen atoms. Thus, as noted
 above, the consensus today is that there would
 have been a lot of CO, not much CH, a lot of N,
 and very little NH. When Miller repeated his ex-
periments, replacing CH  with CO  and NH  with
 N, the yields of amino acids were very signifi-
 cantly decreased. 
 One response to the problem posed by the pre-
diction of low production of amino acids in a more
 oxidizing primordial atmosphere has been to
 suggest that the atmosphere may not have been
 uniform over the whole Earth and/or continuously
 the same through time. The proposal is that there
 may have been regions/times where exposure of
 more reducing substances such as elemental iron
 or reducing gases from volcanic eruptions would
 have made possible localized conditions more
 closely resembling the Miller-Urey simulation. In
 fact, in an ironic turn of events, colleagues of Miller,
 after his death in , began to study samples ar-
chived from experiments that he performed in
  with HS, a reducing agent included in the
 simulation along with CO, CH, and NH. HS is
 the smelly gas associated with rotten eggs and is
 generally found in volcanic emissions. Using more
 sophisticated analytical techniques than Miller
 had available in , they demonstrated a signif-
icant increase in amino acid production including
 sulfur-containing ones not previously observed.
 A second possibility is that the hydrogen
 content was not diminished as much as was pos-
tulated by those who argued for a less reducing
 primordial atmosphere.   Hydrogen, being very
 light, escapes into outer space if it is not bound to
 other atoms that are heavier. There is some uncer-
tainty in the estimate of the rate of escape of H  on
 the young Earth when an atmosphere richer in
 hydrogen was lost, and it has been argued that it
 was less than it is currently assumed to have been.
 If so, the atmosphere would have been more re-
ducing than the current estimate. As is often the
 case in origin-of-life science, the jury remains out
  on this question. 
 A third possibility has arisen in recent years as
 there has been increasing interest in deep-sea
 thermal vents as potential locations for life's origin.
 Reducing substances, including elemental H  as
 well as nitrogen sources in the form of NH, would
 have been available deep in the early oceans.
 Miller-Urey-type syntheses of amino acids have
 been successful under hydrothermal conditions.
 We will discuss hydrothermal vents at greater
 length in section ..
 Finally, it has occurred to some scientists that
 maybe the ingredients of the primordial soup, or at
 least the components of those ingredients, came
 ready-made from outside the Earth. If you did not
 want to make the chicken corn soup, you could
 have bought some already prepared at a takeout
 8
 Eric T. Parker et al., “Primordial Synthesis of Amines and
 Amino Acids in a  Miller HS-Rich Spark Discharge Ex-
periment,”   Proceedings of the National Academy of Sciences   
  (): -. 
 9
 Feng Tian et al., “A Hydrogen-Rich Early Earth Atmosphere,”
 Science    (): -.
  10 
 William L. Marshall, “Hydrothermal Synthesis of Amino Acids,”
 Geochimica et Cosmochimica Acta    (): -.
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 restaurant. Similarly, some origin-of-life scientists
 have given reasons to believe that such so-called
 exogenous sources were available in meteors,
 comets, and other matter that dropped into the
 primitive Earth's environment. We will return to
 this subject in section .. In summary, in spite of
 the questions regarding whether the primitive at-
mosphere favored Miller-Urey syntheses, most
 origin-of-life scientists believe that amino acids
 were likely available on the primordial Earth.
 In whatever manner the amino acids appeared
 on Earth, one important question remains. Nineteen
 of the twenty so-called standard α-amino acids (the
 ones used in living systems) are chiral, and only the
 left-handed version occurs in proteins used by
 extant life. Thus the important remaining question
 involves the origin of this single-handedness, what
 is generally referred to as   homochirality. We will
 return to this question in section ..
  20.3. ATTEMPTS AT PREPARING 
  SOUP INGREDIENTS: 
  NUCLEOTIDE COMPONENTS 
 The pioneering study by Miller and Urey led to in-
creased research activity in the field of prebiotic
 chemistry. In , seven years after the Miller-
Urey experiment, a chemist named John Oro suc-
ceeded in making adenine, one of the nucleobases
 that is a component of nucleic acids, by continuous
 heating of a solution of ammonium cyanide. Am-
monium cyanide is a salt formed from NH  and
 HCN. Since Oro's pioneering work, other chemists
 have succeeded in making adenine and guanine
 starting with just HCN. This is a preferred ap-
proach since ammonia is not as likely to have been
 at high concentrations on the primordial Earth as
 HCN. HCN is known as hydrogen cyanide. Even
 nonchemists should recognize the irony involved
 here. Cyanides are notoriously dangerous mate-
rials, among the most poisonous substances
 around. It was believed that HCN could have been
 a significant component of Earth's early atmos-
phere since it can be formed when electrical dis-
charges (e.g., lightning) pass through NH  and
 CH. Thus, assuming a reducing atmosphere, it
 was argued that it could have been the starting ma-
terial for adenine and guanine, two of the im-
portant nucleobases for life.
 If one considers the molecule adenine (CHN,)
 it is not hard to see why HCN was chosen. Adenine
 can be viewed as five HCN molecules stitched to-
gether. Figure .  shows the series of steps indi- 
cating how the synthesis of adenine can be
 achieved through a sequence of laboratory reac-
tions.   It is not important to delve into the chemical
 details. The important points to note are that it
 takes more than one step to get from HCN to ad-
enine and that the conditions and reactants re-
quired are different in each step. It would be as if
 you made one of the ingredients of the soup in a
 sequence of one-pot steps with totally different in-
gredients and differing conditions such as varying
 temperature in each step. The challenge for the
 origin-of-life theoretician is to come up with a sce-
nario for how these steps in the multipot synthesis
 could have occurred on the primordial Earth.
  11 
 Not shown in the figure, a slightly different sequence of reac-
tions can lead to guanine.
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 Figure ..   Proposed prebiotic path to adenine starting with HCN.
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 One scenario proposed to correspond to the
 laboratory processes for the primordial production
 of adenine involves () HCN being formed in the
 atmosphere via a reaction between CH  and NH;
 () the HCN falling, dissolved in rain, into a small
 pond, which in the winter (the next reaction re-
quires low temperatures) froze on the surface; ()
 the molecule known as DAMN (short for diami-
nomaleonitrile) formed; () in the spring, after a
 thaw, DAMN converted to AICN; () the pond
 flowed into warmer waters that contained more
 HCN, which reacted with the AICN to form adenine.
 Some critics among origin-of-life scientists
 have questioned scenarios such as this. They object
 that the story seems highly contrived. One of the
 more famous critics, the late chemist Robert
 Shapiro, expressed his skepticism in a   Scientific
 American   article on the subject in the following
 manner.   Instead of a soup analogy, he chose one
 from golf. He likened the situation to a golfer
 playing a ball around an eighteen-hole golf course
 (representing the origin-of-life scientist carrying
 out a sequence of one-pot syntheses, isolating in-
termediate products between each pair of steps
 and maximizing product yield). After achieving
 the goal of landing the ball in the last hole, the
 golfer then imagines how through a series of
 natural phenomena—earthquakes, storms, floods,
 and so forth—the ball might play itself around the
 course without the player's help. (Think of the sci-
entist dreaming up a naturally occurring sequence
 of events on the primordial Earth that would ac-
complish the same chemistry accomplished in the
 lab.) In fact, objections such as this one have
 plagued origin-of-life science since its inception.
 Shapiro's criticism illustrates a fairly common
 phenomenon in origin-of-life debates. The lack of
 good information about the early Earth has led
 frequently to controversy about whether a given
 assumed set of conditions and/or starting mate-
  12 
 Robert Shapiro, “A Simpler Origin for Life,”   Scientific American
 , no.  (February ): -.
 rials used in a laboratory simulation is a fair repre-
sentation of prebiotic reality. When chemists
 perform syntheses, the standard procedure is to
 maximize product yield by appropriate adjustment
 of reaction conditions, and seldom can a complex
 synthesis be carried out in one step, in other words,
 in one pot. So the synthetic chemist takes the
 product from one reaction, isolates it, and takes it
 to the next reaction vessel, employing a new set of
 conditions to produce the next product in the se-
quence. While an origin-of-life researcher desires
 to simulate primordial Earth conditions, there is a
 temptation to revert to normal chemical strategies
 and then afterward imagine possible prebiotic sce-
narios. Unfortunately, it sometimes seems that this
 temptation has not always been resisted.
 Even if the foregoing strategy for base synthesis
 is accepted, adenine and guanine are only two (the
 purines) of the five bases used in the nucleic acids,
 RNA/DNA. What about the other three? In the last
 several decades researchers have posed various
 synthetic schemes for making the other three, the
 pyrimidines. Prebiotic scenarios for achieving the
 pyrimidines have been proposed and demon-
strated with some success in the laboratory, though
 they could be subjected to criticism similar to Sha-
piro's golf course story.
 The second ingredient needed to make a nucle-
otide is the five-carbon sugar known as D-ribose.
 In a sense, the chemistry of how to make sugars
 from arguably prebiotic materials had been ac-
complished a century before. Sugars are carbohy-
drates, meaning that they contain carbon (C) and
 HO, although the water is present as -H and -OH
 rather than in the molecular form. The simplest
 carbohydrate is formaldehyde, CHO. It is a likely
 prebiotic starting material, and it is the starting
 material in the so-called formose reaction, a
 process leading to various sugars that was dis-
covered in . The reaction occurs best in the
 presence of a catalyst and in strongly basic (the op-
posite of acidic) conditions.
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 There are two principal problems associated
 with the formose reaction as a prebiotic source for
 D-ribose. First, the conditions under which the
 reaction happens are very different from those in
 which the nucleobases are presumed to have
 formed. Thus there is the necessity of adding to the
 story, which was criticized above for its being con-
trived, an additional part that would bring together
 the D-ribose and the nucleobases from separate
 terrestrial origins for their eventual union in the
 formation of the nucleotides.
 Perhaps a more serious problem lies in the
 point noted above that   various   sugars are pro-
duced. In fact, an exceedingly complex mixture
 including trioses (CHO), tetroses (CHO), pen-
toses (CHO), and hexoses (CHO) is formed.
 Each of these has a variety of different versions
 (isomers). Thus D-ribose is just one of many com-
ponents of a vast array of sugars. Obviously, the
 problem is one of selection. How did D-ribose get
 chosen from this complex mixture to be the only
 sugar used to make the nucleotides, the monomers
  for RNA/DNA? 
 Recently it has been shown that borate (BO–)
 salts tend to stabilize ribose.   Since all the sugars
 are subject to decomposition over time under the
 influence of UV light and the basic reaction condi-
tions, stabilization might lead to ribose being pre-
ferred. Borates are known to exist in natural set-
tings in the present, especially in arid areas such as
 the American west, and could conceivably have
 been present on the primordial Earth's surface.
 Lest we think this completely solves the selec-
tivity problem for ribose, however, we need to be
 reminded that D-ribose is the sugar molecule
 being sought, not just plain ribose. The   D   means
 that the ribose is chiral, and only the right-handed
 version is biologically important. The left-handed
 version of ribose should have had an equal chance
 at being selected. Recall that a similar issue exists
  13 
 A. Ricardo et al., “Borate Minerals Stabilize Ribose,”   Science   
  (): . 
 for the α-amino acids in that with only one ex-
ception they are chiral and only the left-handed
 versions are made and used by living organisms to
 make proteins. Most experts believe that the two
 problems are related and that solving the one will
 also answer the other, but more about that in
  section .. 
  20.4. ASSEMBLING 
  THE NUCLEOTIDES 
 Assuming that the nucleobases and D-ribose have
 both formed and have come together in some lo-
cation, the next step involves the assembly of the
 nucleotides. The third component of a nucleotide,
 which we have not yet discussed, is the inorganic
 material known as phosphate. The phosphate ion
 has the formula PO–. Phosphate can add H+  ions
 in stages, one at a time, up to three, forming HPO.
 It can also form chains known as polyphosphates,
 the most important biologically being diphosphate,
 PO–, and triphosphate, PO–. Both of these
 ions can add H+  ions in a manner similar to PO–.
 The question of a phosphate source does not
 seem to be a major issue. Phosphates, including
 polyphosphates, have been found in emanations
 from volcanoes, so the existence of primordial
 sources seems a reasonable postulate. Phosphates
 of many metals, including common ones available
 on the primordial Earth such as calcium, are in-
soluble in water. This might have limited phos-
phate's concentration in the soup. Nevertheless,
 since phosphates are more soluble in acidic so-
lution, greater acidity of the primordial oceans
 and volcanic sources of water would have in-
creased their concentration. It has also been sug-
gested that phosphites, which have one less
 oxygen, would work just as well, and these have
 the advantage of being more soluble in water.
 Later oxidation to convert the phosphite to phos-
phate would not be a serious problem. Another
 suggested phosphate source is the mineral known
 as   schreibersite   (Fe,Ni)P, which reacts with water
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 to form phosphate and other anions such as phos-
phonate, HPO–, which might function in a
 manner similar to phosphate.
 Assembling the nucleotide involves making two
 links. The sugar must be attached to the base, and
 the phosphate must be attached to the sugar. These
 two links are represented schematically in figure 
  .. As shown in the figure, in both instances to 
 form the links water is produced as a product of
  the reaction. 
 In both instances, the reaction is uphill in
 energy (§ .), meaning that they are difficult to
 achieve without coupling to some more energeti-
cally favored reaction. This has been accom-
plished by various means in the case of the sugar-
phosphate link. For the sugar-base link, the
 glycosidic bond, the story is quite different. In fact,
 this linkage has been so challenging to chemists
 that it has been termed an “impossible bond.”
 In the simplest terms, water may be viewed as
 the primary source of the problem. Because the re-
action goes uphill in energy and water is a product,
 in the presence of water the reverse reaction, the
 undoing of the link, happens instead. Thus HO,
 which is generally viewed as a necessary entity for
 the occurrence of life on Earth, in this instance ap-
pears to be a significant barrier in an important
 step of the origin-of-life process. Steven Benner, an
 American chemist, has gone so far as to propose
 that RNA was formed under totally anhydrous con-
ditions.   He proposes that instead of water, the
 solvent for the nucleotide-forming reactions dis-
cussed to this point could have been formamide.
 Formamide is obtained by merely combining HCN
 and HO and has many properties similar to water.
 It occurs in the liquid form over roughly the same
 temperature range and is able to serve as a solvent
 very similar to water, but without the reactivity that
 endangers the glycosidic link between the sugar
 and the base. Benner postulates that liquid for-
mamide could have formed in an intermountain
 desert valley. Since Benner's laboratory previously
 discovered that borates stabilize ribose, borates are
 also postulated to be part of the mix.
 Recently a very different alternative that keeps the
 action in a water environment has been proposed by
 British chemist John Sutherland. It also involves
 HCN but has it playing a much more extensive role
 in the story. As such, it requires its own section.
  20.5. AN ALTERNATIVE PREBIOTIC 
  PATHWAY TO NUCLEOTIDES 
 In  John Sutherland reported the discovery of
 a detour around the “impossible bond.” Instead of
 coupling together the sugar and the base, he de-
vised a scheme in which the nucleotide is cobbled
 together from simpler components and the dif-
ficult bond is formed in the process. More recently
  14 
 Steven A. Benner et al., “Asphalt, Water, and the Prebiotic Syn-
thesis of Ribose, Ribonucleosides, and RNA,”   Accounts of Chem-
ical Research    (): -.
  15 
 Ricardo et al., “Borate Minerals Stabilize Ribose.”
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[image: ]
  PREBIOTIC CHEMISTRY: PREPARING THE PRIMORDIAL SOUP 
  377 
 he has proposed a scenario that uses HCN as the
 starting material for all of the organic reactants in
 the scheme and employs phosphate as a reactant,
 as a catalyst, or as a buffer (a substance that con-
trols acidity) in the various steps of the process.
 An additional advantage of this scenario is that it
 also provides pathways to several α-amino acids.
 As you might expect, building a complex mol-
ecule such as a nucleotide that contains about
 thirty atoms starting from HCN requires nu-
merous steps. The goal of the origin-of-life syn-
thetic organic chemist is to achieve the synthesis in
 as few steps with the least amount of variability in
 reaction conditions and with as few different
 starting materials as possible. Recall the criticism
 leveled at the prebiotic scenario for adenine con-
struction. The simpler the synthetic scheme, the
 more likely a credible scenario can be imagined.
  Figure .  represents in a bare outline form the 
 Sutherland scheme for a prebiotic synthesis of a
 nucleotide beginning with five starting materials,
 the four organic substances shown plus inorganic
 phosphate. The Sutherland laboratory has success-
fully produced nucleotides via this method. There
 are four steps required to reach the end product, rep-
  16 
 Bhavesh H. Patel et al., “Common Origins of RNA, Protein and
 Lipid Precursors in a Cyanosulfidic Protometabolism,”   Nature
 Chemistry    (): -.
 resented by the four arrows. The chemical detail of
 the three intermediates labeled A, B, and C has been
 left out for simplicity. Note that the “impossible
 bond,” which eventually becomes the glycosidic
 bond between the sugar and the base, is formed very
 early. Not until the last step does the structure
 consist of units identifiable as a sugar and a base.
 As noted above, HCN is the inorganic source for
 the four organic starting materials. Where does the
 HCN originate from? In earlier prebiotic schemes
 (§ .), it was presumed to have come from a
 lightning-driven reaction between CH  and NH.
 But these substances would not likely have been
 present in the absence of a reducing atmosphere.
 Sutherland, following recent work by Japanese
 scientists, proposes formation of HCN via reac-
tions between carbon-containing organic material
 in meteors and N, the more likely nitrogen-
containing component of the atmosphere, during
 the Late Heavy Bombardment, around . Ga—
 just before life is presumed to have gotten its start.
 In the next step the HCN formed rained down onto
 the Earth and accumulated in pools of water. The
 cyanide was captured in an iron compound,
 (Na,K)[Fe(CN)], which remains in the solid state
 when or if water evaporates. At some later point,
 this iron containing-compound was converted to
 simpler salts such as KCN and Ca(CN)  by intense
  phos 
  sugar 
  base 
  “impossible 
  bond” 
  “impossible bond” 
  is formed 
  glyceraldehyde 
  C3H6O3 
  cyanamide 
  glycolaldehyde 
  C2H4O2 
  cyanoacetylene 
  phosphate 
 N
 O
 H
  OH 
 O
 C
 N
  H2N 
 O
  HO 
  OH 
  HC 
 C
 C
 N
 A
 B
 C
 Figure ..   Sutherland laboratory's scheme for nucleotide synthesis.
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 heat from meteor impact or geothermal sources.
 These salts would then have been available to
 provide the cyanide ion, CN
 -
 , for reactions when
  dissolved in water. 
 In Sutherland's imagined scenario, each of the
 four organic starting materials, the two carbohy-
drates, CHO  and CHO, and the two nitrogen-
containing compounds, cyanamide and cyano-
acetylene, are synthesized from the cyanide ion,
 CN-. The conditions required in each case vary,
 involving in particular cases other reactants such
 as HS (available from volcanic sources), light
 energy (from the sun), inorganic catalysts (a
 copper-cyanide compound), and high tempera-
tures (from meteor impact or geothermal sources).
 The scenario shown in figure .  using these 
 four organic starting materials involves four se-
quential steps. Thus it could not be achieved in a
 single-pot synthesis. The conditions for the various
 steps are not drastically different, however. They all
 occur at relatively constant pH (acid concen-
tration), controlled by the phosphate. They do re-
quire the introduction of the respective starting
 materials at the right times in the right order.
 Sutherland's hypothetical prebiotic scenario in-
volves a technique known as   flow chemistry. Two
 separate streams are envisioned. In one of the
 streams, the CHO  reacts with HNCN (the re-
action is represented by the first arrow in fig. ., 
 producing intermediate A). The reactants are
 leached from the ground over which the stream
 flows. In the second stream, the CHO  forms
 through the influence of solar radiation. The two
 streams flow together, allowing the second step,
 producing intermediate B, to take place. The com-
bined stream flows into a pool where HCCCN has
 formed, and the third step occurs, producing C.
 Phosphate has been present throughout as a buffer
 or a catalyst. It now becomes a reactant to yield the
 final product, the activated nucleotide.
 Is the scheme realistic, and will it gain accep-
tance in the origin-of-life scientific community?
 That remains to be seen. It has the advantage of
 being accomplished in an aqueous environment
 under conditions that are not extreme and do not
 vary very much. In addition to avoiding the problem
 of the “impossible bond” formation between ribose
 and the nucleobases, it also avoids the problem of
 selection of ribose from a complex mixture as in the
 formose synthesis, since the sugar that forms in the
 nucleotide is in fact ribose. It has the disadvantage
 of being a multiple-stage synthesis, with the various
 reactants appearing on the scene when needed.
 Though there are multiple starting materials, they
 all issue from the same original source, HCN. The
 conditions required to achieve the organic starting
 materials from the cyanide salts are in some cases
 extreme (e.g., high temperatures required to
 produce cyanamide and cyanoacetylene). Addi-
tional positive aspects include the fact that phos-
phate is a common player throughout and that
 several α-amino acids can also be envisioned as
 arising through side reactions involving HCN. Fi-
nally, it must be noted that to date the Sutherland
 method has been successful in producing nucleo-
tides containing cytosine and uracil, only two of the
 four needed to form RNA. Precursors of the other
 two have been achieved by the Sutherland scheme,
 and research continues in his laboratory to accom-
plish their complete synthesis.
 You may have noticed that the product of the
 Sutherland scheme has the phosphate attached to
 the sugar in a different manner from the one
 shown in figure .. As noted, Sutherland's 
 product is called an activated nucleotide. Acti-
vation means that it is primed energetically for the
 next step in the process of making the soup. The
 nucleotide monomers must now be linked together
 to form the polymers in the final step of preparing
 the egg of the soup. Similarly, the α-amino acids
 must be linked together to make the polypeptides
 (or proteins), the chicken of the soup.
  17 
 We will use the terms   polypeptide   and   protein   interchangeably.
 Strictly speaking,   polypeptide   is the generic term for polymers
 composed of amino acids, and   proteins   are those polypeptides
 that have a biological function.
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 Going Further: Nucleic Acids
 There are two principal types of molecules known as nucleic acids, so called because they were first discovered in the
 nuclei of cells. They are RNA (short for ribonucleic acid) and DNA (short for deoxyribonucleic acid). Like the proteins,
 these large molecules are polymers, long trains built by coupling together different “cars,” the monomers. The number
 of different monomers in the cases of both RNA and DNA is only four, in contrast to the twenty in proteins. In addition,
 the components of each car are
 quite different chemically from
 those that make up proteins.
 Nucleic acid monomers con-
sugar—ribose for RNA, and de-
sist of () phosphate; () a
 oxyribose for DNA; and () one
 of four different so-called nu-
cleobases (fig. .). Three of 
 the bases, adenine (A), guanine
 (G), and cytosine (C), occur in
 both RNA and DNA. The fourth
 possible base differs in the two
 types of nucleic acids, thymine
 (T) occurring in DNA, while ura-
cil (U) occurs in RNA. It is impor-
tant to note that both sugars in
 the nucleic acids are chiral, and
 only the one form, the right-
handed version (the D form), oc-
curs in life as we know it.
 As illustrated in figure ., 
 requires the removal of water to
 the linkage of the three parts
 form the nucleotide. As dis-
cussed in section ., the
 sugar-base link is difficult to
 achieve. An alternative route
 that avoids this difficulty in-
volves making the nucleotide as
 a whole from simpler organic starting materials plus phosphate (see § . for more detail).
 Once nucleotides are available, the next step involves formation of the polymers, the RNA or DNA. As illus-
trated in figure ., the linkage of two monomers involves the formation of a water molecule, and this would be 
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 necessitated with each addi-
tion of another monomer as
 the polymer grows. As dis-
cussed in section ., this is
  an energetically unfavorable 
 process and can be made fa-
vorable through the use of ac-
tivated nucleotides, which do
 not yield water as a product.
  Figure .  illustrates 
  dinucleotide formation in- 
volving activation using tri-
phosphate in place of a monophosphate. It also illustrates the standard linkage that occurs in RNA and DNA between
 the sugar position, labeled ʹ, and the position, labeled ʹ. Polymerization can also occur between positions ʹ   and ʹ,
 but with the guidance of proteins (enzymes) in living systems, it always happens as shown in figure .. 
 The nucleobases on one polymeric strand can attach to nucleobases on another strand through what has become
 known as Watson-Crick pairing. As illustrated in figure ., this occurs via links known as hydrogen bonds. These are 
 relatively weak bonds, only about  percent as strong as other chemical bonds. The bases paired in the figure are
 cytosine (C) and guanine (G), which are capable of forming three bonds, as shown. Adenine (A) and uracil (U) in RNA
 (or thymine [T] in DNA) are capable of forming only two hydrogen bonds. As a result, C prefers G, while A prefers U (or
 T). This forms the basis for complementary pairing between linked strands as illustrated in figure .. Both RNA and 
 DNA are able to form double strands, but in the case of RNA
 single strands that fold back on themselves and form
 stretches of Watson-Crick pairs are more common and more
  important biologically. 
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  20.6. THE NEXT STEP IN SOUP 
  PREPARATION: JOINING 
  MONOMERS TO MAKE POLYMERS 
 Let's assume that by one means or another we have
 assembled the ingredients of the chicken (protein)
 and the eggs (RNA, DNA). In other words, we have
 available the monomers (the amino acids for protein
 synthesis and the nucleotides for nucleic acid syn-
thesis). We are now ready to make the polymers.
 Alpha amino acids can polymerize to form
 chains of polypeptides or proteins (as explained in
 “Going Further: Amino Acids and Proteins”). There
 are two key aspects of this process to note. First,
 water is a product in every step of the polymer-
ization process. If you make a chain two amino
 acids long, one HO molecule is produced. If it is
 three amino acids long, two HO molecules are
 produced, and so on. Second, each step is uphill in
 energy. Recall that uphill reactions do not go on
 their own. That would be comparable to a sta-
tionary car suddenly rolling uphill. Just as cars
 need to burn gasoline to ascend a hill, uphill
 chemical reactions need an external source of
 energy to happen. In living systems, when proteins
 need to be made, metabolism provides the energy,
 but our presumed primordial soup is not yet alive.
 So how do origin-of-life scientists imagine a so-
lution to this difficulty?
 Chemists have long known that one way to in-
crease the likelihood of an uphill reaction is to in-
crease the concentrations of reactants. A second
 way of obtaining more of a desired product of an
 uphill reaction is by removal of other products. In
 the case of protein formation, water is a product at
 each step. It is also the solvent, so its removal in-
creases the reactant concentrations. Therefore, the
 removal of water accomplishes both of the above
 means of driving the reaction uphill.
 There are two simple physical ways to remove
 liquid water. You can either freeze some of it or you
 can evaporate it. Those who believe in a snowball
 Earth when life began prefer the former, while
 those who think Earth was much warmer suggest
 the formation of pools where evaporation could
 proceed. Of course, the water has to come back,
 since it is presumably necessary for the next steps
 continuing on eventually to cell formation and life
 as we know it. Therefore, what is needed is cyclic
 formation of pools, which is exactly what occurs in
 so-called tidal pools close to oceans. Such tidal
 pools may have been even more important on a
 primordial Earth given that the Moon would have
 been closer in those days. In any case, origin-of-life
 scientists can readily imagine scenarios that would
 have allowed proteins to form. Direct evidence, of
 course, is not likely, given the nature of the case.
 There is one other way to drive the formation of
 polypeptides, which does not involve the physical
 removal of water. This method involves the intro-
duction of a so-called condensing agent that re-
moves the water by consuming it during the
 chemical process of forming the peptide bonds in
 the polymer. One substance that has been shown
 to cause peptide-bond formation in this manner is
 a close relative of carbon dioxide, the compound
 carbonyl sulfide (COS).   When COS reacts with
 water, it forms CO  and HS, and this process is
 energetically favorable. When COS and amino
 acids are allowed to interact, the COS reaction with
 water is coupled with the water-producing process
 in the peptide-bond formation. By this means COS
 has been shown to encourage polypeptide for-
mation. Since COS is a gas found in emanations
 from volcanoes, and volcanic eruptions were likely
 very common on the primordial Earth, it has been
 proposed that this process may have contributed
 to prebiotic formation of polypeptides.
 The other polymer to be constructed is a nucleic
 acid. We will focus on RNA since, as we will discuss
 later, most origin-of-life scientists believe it pre-
ceded DNA. The process of RNA chain formation
 is analogous in some ways to the polymerization of
  18 
 Luke Leman et al., “Carbonyl Sulfide-Mediated Prebiotic For-
mation of Peptides,”   Science    (): -.
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 amino acids to make protein. As before, two
 monomers join with the production of a water
 molecule. The polymer chain in RNA or DNA in-
volves connecting sugar to phosphate with removal
 of a water molecule. As in the case of protein for-
mation, the process is uphill in energy. Thus some
 means of providing the energy to climb the hill has
  to be imagined. 
 A likely solution is not too difficult to find in this
 case. In addition to the methods proposed for
 protein (freezing or evaporation of the solvent), a
 slight modification of the reactant has been sug-
gested. If an activating group is attached to the
 phosphate in place of a hydrogen atom, the reaction
 can be made energetically favorable. For instance,
 suppose there were not just one phosphate group
 on a nucleotide but three, forming what is termed
 a triphosphate. Then the reaction to connect the
 sugar of one nucleotide to one phosphate of the
 next nucleotide would produce not water but a so-
called diphosphate (see fig. .  in “Going Further: 
 Nucleic Acids” for details). Students of biology will
 recall that turning a triphosphate (ATP) into a di-
phosphate (ADP) or a monophosphate (AMP) is an
 energy-producing process. Similarly, it turns out
 that this change to triphosphates in the case of nu-
cleotides makes the coupling reaction downhill in
 energy. Thus the process becomes energetically
 favorable. It can be argued that triphosphates
 were likely present on a primordial Earth, having
 been found in natural settings in the present—for
 example, in volcanic emanations.
 Other means of activating nucleotides are
 known. Recall that in the Sutherland scheme for
 making nucleotides an activated nucleotide was
 the product. In it the phosphate was linked at two
 places on the sugar (see fig. .). Linkage in this 
 cyclic fashion creates internal molecular strain,
 thereby activating the nucleotide. If the phosphate
 breaks away from the sugar at one of the two links,
 it is free to connect with another similar activated
 nucleotide where the lone OH is located. Thus a
 dinucleotide is created that still contains an acti-
vated site for further polymerization.
 Even if a process is energetically favorable, this
 does not mean that it will occur at rapid enough
 rates. One method of speeding up polynucleotide
 formation that is believed by some researchers to
 have prebiotic significance involves the use of
 mineral catalysis. Minerals are inorganic sub-
stances containing positively charged metal ions
 together with negatively charged atoms, fre-
quently oxygen. The nucleotides readily adsorb, or
 stick onto the surface of some minerals in a thin
 film. Chemist James Ferris has shown that acti-
vated nucleotides will adsorb onto the surface of a
 particular kind of clay, move around until they
 find each other, and couple together (fig. .), an 
 example of the ministerial nature of creation
 where you might least expect to see it.   This
 speeds up the process considerably, and Ferris has
 observed chains upward of forty units long using
 this technique. The effect is similar to that ob-
served by evaporation of the solvent, except that it
 is greatly enhanced because the nucleotides
 become concentrated on a two-dimensional
 surface rather than being free to float around in
  the three-dimensional solvent. 
  19 
 James P. Ferris, “Mineral Catalysis and Prebiotic Synthesis:
 Montmorillonite-Catalyzed Formation of RNA,”   Elements   
  (): -. 
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 Figure ..   Mineral catalysis of polynucleotide formation. *___A
 and *___U are activated nucleotides.
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 One additional complication in coupling together
 nucleotides must be mentioned. There is more than
 one way that ribose can attach to a phosphate. There
 are actually three different positions on a sugar mol-
ecule where the phosphate can attach. The positions
 are numbered—ʹ, ʹ, and ʹ. In Ferris's experiment,
 he used monomers with an activated phosphate at-
tached to the ʹ   position on the sugar. In theory, the
 links between his activated nucleotides could occur
 between the ʹ   of one monomer and the ʹ, ʹ, or ʹ
 position on the second monomer. The ʹ   link corre-
sponds to a phosphate-to-phosphate coupling and
 ends the possibility for further linkage, while the
 linkage to the ʹ   and ʹ   are positions on the ribose,
 and further polymerization is possible. In real life,
 guided by proteins, the link is always from ʹ   to ʹ. It
 turns out that activated monomers allowed to po-
lymerize on their own do not prefer this link. Never-
theless, in Ferris's clay-catalyzed system, although
 the linkage was not uniformly ʹ   to ʹ, this linkage
 did predominate, and the ʹ   to ʹ   was not observed.
 In the absence of the specific proteins needed to
 catalyze the process in a primordial soup, origin-
of-life scientists are left with the problem of ex-
plaining how the right linkage happened. The Ferris
 clay catalysis offers some hope of finding mineral
 catalysts that would perform the operation with
 higher accuracy. Meanwhile there is evidence that a
 heterogeneous RNA containing both ʹ-to-ʹ   and
 ʹ-to-ʹ   linkages does retain functionality.
  20.7. ATTEMPTS AT PREPARING 
  SOUP INGREDIENTS: LIPIDS 
 The only soup ingredient left to worry about is the
 group of substances involved in making mem-
branes, the corn in our analog. These substances
 are the so-called   amphiphilic   lipids. The term am-
phiphilic means they love (-philic) both (amphi-)
 water and fatty or oily stuff.
  20 
 Jia Sheng et al., “Structural Insights into the Effects of ʹ-ʹ
 Linkages on the RNA Duplex,”   Proceedings of the National Acad-
emy of Sciences    (): -.
  Figure .  illustrates in schematic form how 
 amphiphilic lipids work in water. There are two
 main sections in any lipid, a head and a tail. In
 the phospholipids, the main form present in a
 modern cell membrane, the head contains phos-
phate and glycerine. The tail is composed of fatty
 acids, so called not because they are obese.
 Rather, their name is derived from the fact that
 they wind up being a part of fat tissue in humans
  and other mammals. 
 The head is water soluble and is said to be hy-
drophilic or literally “water-loving,” just like some
 of the R groups in proteins. The fatty-acid tail is
 composed of just hydrogen and carbon, the prin-
cipal components of gasoline and oil; as everyone
 knows, these materials do not mix with water. They
 are hydrophobic or “water-hating” (which means
 they are fat-loving). Thus amphiphilic lipids love
 both water and water-hating stuff. As shown in
  figure ., amphiphilic lipids are able to form 
 membranes composed of two layers of lipid mol-
ecules. The hydrophilic heads stay on the outside
 in touch with the water that they love, while the
 hydrophobic tails of both layers congregate with
 each other on the inside, a beautiful example of
  creation's functional integrity. 
 When amphiphilic lipids get together in water
 in the right concentrations and the right condi-
tions (e.g., the right pH), these bilipid membranes
 can wrap around to form vesicles, essentially
  Water 
  Water 
  hydrophilic heads 
  hydrophobic tails 
 Figure ..   Lipid bilayer in water.
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 spherical compartments, in the water, with some
 of the water captured on the inside. Such vesicles
 can provide protection for the interior contents, a
 striking example of creation ministering to cre-
ation through functional integrity. Figure . 
 shows a schematic drawing of a vesicle formed by
 a bilipid membrane cut in half.
 Making phospholipids from phosphate, glyc-
erine, and fatty acids presents a challenge to
 origin-of-life scientists, much like the problem of
 linking up the parts of nucleotides. In both cases
 water has to be removed, which presents a chal-
lenge in the primordial soup, where water is the
 solvent (see “Going Further: Amphiphilic
 Lipids”). Significantly for the origin-of-life
 question, scientists, such as Nobel laureate Jack
 Szostak of Harvard, have demonstrated that the
 fatty acids themselves can function in a lipid-like
 fashion, forming bilipid layers and vesicles. We
 will have much more to say about this research
 when we discuss scenarios for cell formation in
 section .. For our purposes here, we need
 merely observe that, assuming that fatty acids
 can do as well as phospholipids, the only im-
portant concern is how to make the fatty acids
  under primordial conditions. 
 Essentially the question involves how to make
 oil from simple starting materials. Two German
 chemists, Franz Fischer (–) and Hans
 Tropsch (–), in the s came up with a
 method that used carbon monoxide, hydrogen gas,
 and an iron or nickel catalyst. A decade later it was
 used to fuel the German war machine when both
 domestic and foreign supplies were unavailable.
 Origin-of-life scientists recognized that this
 modern synthetic process could have occurred on
 the primordial Earth. It is presumed that the
 starting materials and catalysts could have been
 readily available and that conditions might have
 been right at specific times and places on the
 young Earth for making the oil-like chains. All that
 has to happen is the addition of some oxygen
 atoms at the end of the chain to provide the hydro-
philic head, but that sort of thing can happen
 readily in the Fischer-Tropsch process as well.
  20.8. EXOGENOUS SOURCES OF 
  SOUP INGREDIENTS AND THE 
  QUESTION OF HOMOCHIRALITY 
 Not all origin-of-life scientists are convinced that
 the soup ingredients have to have a terrestrial
 source. The possibility that simple organic mole-
cules might occur in outer space and could be
 transported to Earth in meteorites or comets was
 recognized rather early in the origin-of-life com-
munity. This idea became even more attractive
 when the Miller-Urey method of amino acid pro-
duction was called into question because of doubts
 about the prebiotic validity of their reducing atmo-
sphere. It was given further impetus as astron-
omers improved the spectroscopic detection of
 various organic substances in outer space.
 Sources from outside the Earth are called   exog-
enous, to be distinguished from sources origi-
nating on Earth known as   endogenous. Recall that
 the Earth itself was formed by a coalescence of
 Figure ..   Vesicle cross-section.
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 rocky matter or bolides (chap. ). In its early exis- 
tence the Earth would have continued to attract
 large objects, including meteors and comets. As
 mentioned earlier, evidence from rocks recovered
 from the Moon suggests that it was subjected to an
 upsurge in bombardment by bolides around . Ga
 (the Late Heavy Bombardment). Presumably Earth
 suffered a similar fate. It is generally believed that
 this bombardment gradually declined, leveling off
 at today's relatively infrequent occurrence. Could
 any of these rocks from outer space have carried
 organic materials to the Earth?
 The pivotal year for scientific investigation of
 outer space was . In August of that year, Amer-
icans landed on the Moon, and shortly afterward the
 team of explorers brought back Moon rocks for sci-
entific investigation in various laboratories in the
 United States. About a month after the first Moon
 walk, another rock from outer space arrived in Aus-
tralia, but it came on its own power. The Murchison
 Going Further: Amphiphilic Lipids
 Lipid   is a catchall term for a variety of substances with a common defining feature of water insolubility. The particular
 type of lipids necessary for cell formation is known as amphiphilic lipids. These are long, chain-like molecules that pos-
sess a tail that is water insoluble and a head that is water soluble. In contemporary life, cell membranes are largely
 composed of phospholipids, molecules consisting of three main parts: () a fatty acid, made up of a long chain of hydro-
carbon, essentially a polymer made up of CH  units, with a COOH group at the end; () glycerine, a molecule with the
 formula CH(OH); and () phosphate (fig. .). When these are coupled together, HO is again a side product. The 
 phosphate head of the phospholipid has a negative charge on it. This makes it hydrophilic, or very water soluble. Mean-
while, the hydrocarbon chains to which it is attached are very hydrophobic, or water insoluble.
  H2O 
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 Figure ..   Formation of a phospholipid via linkage of a fatty acid, glycerine, and phosphate with production of water.
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 Meteorite was named after the small town in Vic-
toria, Australia, where it landed. Most meteorites
 burn up in the upper atmosphere and are seen only
 as shooting stars, but some larger ones make it
 through the atmosphere and land as rocks on the
 ground. The Murchison Meteorite made it through
 but broke up in the process, landing as many smaller
 pieces scattered over the Australian landscape. Local
 inhabitants quickly gathered up the pieces, and
 many of them were sent to scientific laboratories,
 including the ones studying the Moon rocks.
 The Murchison Meteorite was not your ordinary
 meteorite. It belonged to a less common group re-
ferred to as carbonaceous, meaning that it con-
tained significant amounts of the element carbon.
 Radiometric dating placed its age at . billion
 years, a bit older than our solar system (chap. ). 
 Careful chemical analysis of the residue from the
 meteorite's breakup and other similar meteorites
 in recent years has revealed a large number of or-
ganic substances in the pieces of rock, including
 many molecules of biogenic interest. Several,
 though not all, of the twenty standard amino acids
 have been found in the meteor samples as well as
 a much larger quantity of nonstandard amino
 acids. In addition, fatty acids, which could function
 as lipids for membrane formation, have been iso-
lated from the Murchison samples. Thus some
 have suggested that the Fischer-Tropsch process
 for lipid production on a prebiotic Earth may not
 have been necessary. Finally, in recent years the
 discovery of nucleobases, the building blocks for
 RNA and DNA, has been reported.   The presence
 of these various important ingredients of the pri-
mordial soup has led some scientists to postulate
 outer space as an important source for the chemical
 precursors necessary for life's beginning.
 One very intriguing aspect of the amino acids
 discovered in the Murchison samples involved
  21 
 Michael P. Callahan et al., “Carbonaceous Meteorites Contain a
 Wide Range of Extraterrestrial Nucleobases,”   Proceedings of the
 National Academy of Sciences (USA)    (): -.
 their chirality. Recall that all life on Earth operates
 with left-handed amino acids. Not surprisingly the
 so-called standard amino acids from Murchison
 were racemic; that is, they contained equal
 amounts of left- and right-handed molecules.
 The surprising discovery was that several non-
standard amino acids contained more left-handed
 versions than right-handed, a condition known as
 enantiomeric excess (ee). That the amino acids that
 exhibited   ee   were nonstandard made it clear that
 the excess of left-handed molecules could not have
 come from terrestrial contamination when the
 pieces of the meteorite were recovered and sent to
 the laboratories for analysis.
 So how did these nonstandard amino acids come
 to possess   ee? This question has been under dis-
cussion ever since the discovery and has not yet
 been conclusively answered. The most common
 proposal involves the influence of circularly po-
larized light. Recall that Pasteur used plane-
polarized light to study chirality (§ .). Light can
 also be circularly polarized, meaning that its wave
 can rotate in one or the other direction. As any
 baseball fan knows, there are curveballs and there
 are also screwballs, their difference being in the di-
rection of rotation. Similarly, light can rotate in a
 right-handed spiral or a left-handed spiral. Ordinary
 light has equal amounts of both types, so there is no
 net rotation. It is thought that some stars emit more
 of one form than the other. If the reaction in space
 that gave rise to the amino acids in the meteorite
 came under the influence of this circularly polarized
 light, perhaps the one chiral form of the product was
 formed faster, or alternatively one form was de-
stroyed by the light more than the other.
  22 
 “Standard” means the amino acids were among the twenty that
 are used in proteins in life today.
  23 
 You may have wondered why only the nonstandard amino acids
 possessed   ee. The nonstandard Murchison amino acids were
 nonstandard because they did not have a hydrogen atom as one
 of the four groups attached to the central C atom. It is postu-
lated that the standard amino acids could over time lose the
 hydrogen and then later regain it, in which process they would
  have become racemic. 
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 Perhaps a more significant question for origin-
of-life science is: What are the implications of
 the discovery of homochirality on a meteorite for
 the lingering question of how life on Earth came
 to be homochiral? This question has intrigued
 origin-of-life scientists since the discovery of
  life's homochirality. 
 Answers to the question of life's homochiral
 origin fall into two categories. Either it happened
 by chance or it was determined by a chemical/
 physical mechanism. Recall that a chance or
 random event is not lawless chaos (§ .., “Going
 Further: Randomness Is Law-Like”). A chance oc-
currence of one form rather than the other
 amounts to a sort of frozen accident. Fluctuations
 in the chemical or physical environment could
 conceivably result in a transient slight prepon-
derance of one form. The next important question,
 then, is, How could such a slight difference, the
 frozen accident, be amplified?
 The discovery of   ee   in the Murchison Meteorite
 amino acid samples suggests that the origin of life's
 homochirality may have been extraterrestrial and
 would be classified as nonaccidental, though the
 chemical/physical cause remains somewhat un-
certain. Nevertheless, the question of amplification
 remains since the preponderance of the left-
handed forms in the Murchison samples was quite
 small, the largest being about  percent, and most
  were much smaller. 
 One way that amplification can happen results
 from the fact that different crystalline forms of
 chiral substances can have different solubilities. A
 chiral substance such as an amino acid can crys-
tallize in three ways: () as a racemic form, con-
taining both left- and right-handed molecules; ()
 as a pure left-handed form; or () as a pure right-
handed form. In most cases the racemic form is
 less soluble than the pure forms, which have equal
 solubilities. Therefore, when the solvent water in a
 solution that contains a slight excess of one form
 evaporates, the first crystals that form are the less
 soluble racemic ones, and the solution left behind
 becomes increasingly richer in the version of the
 molecule that was in excess.
 This physical version of   ee   amplification can
 lead to chemical amplification of   ee. There are
 various ways that this can occur, but in each case it
 is the result of the general principal that left- and
 right-handed molecules react in different ways
 when interacting with other left- and right-handed
 molecules. When two persons shake hands, they
 both usually use their right hands. The handshake
 would not be successful if one individual chose to
 use the left hand instead. In a similar manner,
 right-handed molecule A will interact very differ-
ently with right-handed molecule B than it would
 with left-handed molecule B. Such differences can
 result in amplification of   ee.
 Numerous ways have been proposed for the
 origin of homochirality in prebiotic chemistry and
 protometabolism. These include various possible
 ways that it could have happened terrestrially
 rather than being imported from outer space. Dis-
cussion of these would take us well beyond the
 scope of this text. Suffice it to say that research
 continues in efforts to demonstrate empirically the
 validity of these theoretical postulates.
  20.9. WAS THERE REALLY A
  PRIMORDIAL SOUP? 
 While belief in the fundamentals of the Oparin-
Haldane hypothesis continues to hold sway in many
 quarters among origin-of-life scientists, there is
 ample room for questions about many aspects of the
 primordial soup scenario. In the foregoing we have
 attempted to show the current progress toward de-
vising a prebiological recipe for preparing the soup.
 For many of these cases, the approach has followed
 the typical strategy of the synthetic chemist. A small
 number of reactants, say A and B, are mixed under
 controlled conditions, and the desired product, C, is
 isolated from the mixture after reaction. C is then
 mixed with D in a different set of conditions to react,
 yielding E. The multistep sequence of reactions is
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 continued until the desired soup component is ob-
tained. As we have noted previously, this approach
 has engendered criticism for being unrealistic. A
 scenario involving soup components being pre-
pared in separate regions and being brought to-
gether at the right time under the right conditions
 is difficult to imagine.
 In recent years some origin-of-life researchers
 have begun to argue for an alternative approach.
 Instead of the conventional multistep strategy, with
 each step involving a small number of reactants,
 these scientists have proposed single-pot experi-
ments involving a large number of reactants in a
 complex heterogeneous mixture. It is argued that
 this would correspond more closely to the sort of
 conditions that would have occurred on a prebiotic
 Earth. This new subset of synthetic chemistry is
 known as   systems chemistry, and a new journal
 with this title has appeared. Various laboratories
 are engaged in research along these lines. The trick,
 of course, is to find the right combinations of reac-
tants at the right concentrations and under the
 right conditions that will yield high-enough con-
centrations of the right products without too many
 unwanted side reactions—what has been called
 “Goldilocks chemistry.”   Some progress has been
 made, but it is too early to predict the level of future
 accomplishment in this field.
 Another question that is frequently raised in-
volves whether the soup needed to contain all of its
 components before life could get started. In other
 words, could our soup have contained just the corn
 and chicken, with the egg to be added later? Or
 maybe it did not need the chicken, just corn and
 egg to get started, and so forth. Opinions cover the
 full range of possibilities on this issue and will be
 considered in the chapters that follow.
 As noted in the previous section, if the terrestrial
 syntheses of the necessary soup components seem
 intractable, the postulate of an exogenous source re-
  24 
 Matthew W. Powner and John D. Sutherland, “Prebiotic Chem-
istry: A New   Modus Operandi,”   Philosophical Transactions of the
 Royal Society B    (): -.
 mains available. This alternative has been fueled by
 the observation through spectroscopy of a vast va-
riety of organic substances in outer space. Whatever
 the sources postulated, it is important to remember
 that direct empirical evidence for life's starting ma-
terial in a primordial soup is, of course, out of the
 question. Therefore, the soup will always fall into the
 category of the hypothetical, with ample room for
 both speculation and skepticism. So the answer to
 the question posed in the title of this section is a de-
cided maybe. Many origin-of-life scientists are firmly
 convinced of a primordial soup's existence early in
 Earth's lifetime, while others believe that life began
 without one. We will return to all of the questions
 posed above when we discuss various proposed sce-
narios for life's beginning in chapter twenty-two. 
 Meanwhile, another important question re-
mains before we discuss scenarios for life's start,
 the answer to which is critical in our quest. It in-
volves the nature of the vital polymers, the proteins
 or polypeptides and the nucleic acids necessary for
 life's start. More specifically, the question raised
 involves whether we need to be concerned about
 the   sequence   of the monomers in the biopolymers
 that might have formed, whatever their source. For
 example, would any arrangement of nucleotide
 bases in RNA do the job intended, providing the
 functions necessary for life coming into existence?
 To return to our former analogy, when freight
 trains are formed, the arrangement of their cars is
 not random but is based on the eventual destina-
tions of the individual cars. Is the same thing true
 of the biomolecular trains, the proteins and the
 nucleic acids? In other words, how critical is the
 ordering of the monomers in the polymers—must
 they be the right sequences in order for life to
 happen? These are important questions, and they
 bring us to the next stage in our discussion, which
 involves matters of biological information, its
 origin, and the criticality of it for the origin and
 existence of living systems. We address these issues
 in the next chapter.
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  BIOLOGICAL INFORMATION: 
  PROTEINS AND NUCLEIC ACIDS 
  THIS CHAPTER COVERS: 
 Biological information compared to ordinary
  information 
 Information storage by nucleic acids
 Biological information and the question of an
  intelligent origin 
 Biological information and probability
  estimates 
 The priority of proteins versus nucleic acids: The
 chicken or the egg?
 Information is part of our daily experience. The
 sentence you just read communicated information
 to you. Human language is a means by which in-
formation is communicated between people. Orig-
inally this started with sounds—communication
 via speech—but later it was written down so that
 the communication occurred by way of visual
 symbols. In either case, we have an intuitive sense
 of what we mean by information, and we can rec-
ognize it when we see it, or certainly we can rec-
ognize its absence. The following sentence carries
 no information even though it was derived from
 the same set of symbols used in the first sentence
 of this paragraph: Rieormlatn irtof fs aor dipaincey
 neioxpeu. The presence of information content or
 lack thereof in a given sequence of letters depends,
 obviously a lot, on the sequence itself.
 A critical feature of living systems in the present
 day is the possession of what is generally referred
 to as   biological information. It seems safe to
 presume that this has been the case since life's be-
ginnings, hence the importance of the topic for the
 origin-of-life question. Biological information in
 the modern cell is said to reside primarily in two
 types of biomolecules—proteins and nucleic acids.
 The details about the relationships between these
 two, including how transference of biological infor-
mation from DNA to proteins occurs in the modern
 cell, is given below in “Going Further: Basics of Bio-
logical Informational Molecules.” It is not man-
datory that you understand the details given there,
 but we will have occasion to refer to aspects of the
 protein-nucleic acid relationship discussed there in
 what follows. As in previous chapters, we will see
 that creation's functional integrity (§ ..) is in-
volved in all aspects of biological information.
  21.1. DEFINING BIOLOGICAL 
  INFORMATION 
 The first question we need to address is the
 meaning of the term   biological information. The
 usual and probably best approach is one that draws
 an analogy to the ordinary kind of information
 that we began talking about in the introduction to
 this chapter. The sequence of molecular units or
 monomers in a biopolymer is comparable to a se-
quence of letters in a sentence that communicates
 ordinary information. In the case of the protein, it
 is a sequence of amino acids. For the nucleic acids
 it involves a sequence of nucleotides that vary ac-
cording to their bases. It is important to recognize,
 however, from the outset that this is analogical
 thinking and that there are important distinctions
 to be drawn between ordinary information and
  biological information. 
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 To illustrate this point, consider the following
 ordering of bases in a hypothetical RNA sequence
 in which we have used the usual first letter desig-
nations for the various nucleotides—G for gua-
nidine, U for uracil, and so forth. The groups of
 three form   codons, which are associated with par-
ticular amino acids in the translation from the
 RNA “language” into the protein “language” (see
 “Going Further: Basics of Biological Informational
 Molecules” for details). The codons have been
 separated by vertical lines to make it easier to keep
  track of things: 
  GUU|CAC|GGG|GCG|GGU|CUG|UGU|GCU|GU 
  G|CAC|GGG|GCC|GGU|CUU|UGU|GCG|GUA|C 
  AC|GGA|GCG|GGA|CUC|UGC|GCG 
 Using table .  below, this sequence of RNA can be 
 translated into the amino acid sequence in a hypo-
thetical polypeptide or protein in sequence ,
 shown below (readers may trust the author or
 prove it for themselves using table .): 
  Sequence : Val-His-Gly-Ala-Gly-Leu-Cys-Ala- 
 Val-His-Gly-Ala-Gly-Leu-Cys-Ala-Val-His-Gly- 
 Ala-Gly-Leu-Cys-Ala 
 Thus any information that may have been present
 in the RNA sequence has now been translated into
 the corresponding protein sequence. At this stage,
 there is no apparent information in the usual sense
 of the term in either sequence above. Suppose we
 now make the following identification between
 amino acids and letters in the English alphabet:
 Val = T; Gly = E; Ala = space; His = H; Cys = D;
  Leu = N
 If we make the necessary substitutions, sequence 
 spells out in English:
  THE END THE END THE END 
 The translation from the protein language into
 English has revealed a meaningful statement,
 though a somewhat repetitious one. Does this
 mean that our hypothetical polypeptide in se-
quence  and the RNA from which it was translated
 contained this information? In one sense, it did.
 We were able to obtain a result that meant some-
thing in English by judicious choice of letters for
 translation and prior intentional design of the
 original RNA sequence. This illustrates that
 meaning in the ordinary sense expressible in
 human language could potentially reside in a
 protein or RNA sequence, but no one would be
 foolish enough to suggest that naturally occurring
 RNA or protein would contain information in this
 sense. That would be the stuff of science fiction.
 Clearly the investment of RNA or protein with in-
formation in the ordinary sense requires an intel-
ligent designer. But is that the sense in which nu-
cleic acids or proteins carr y information?
 Obviously not. But, if not, then in what manner do
 they carry information? In other words, what is
  biological information? 
 The answer to this question is obtained by
 recognizing that proteins have particular   func-
tions, such as catalysis of particular biologically
 important reactions, and that those functions
 depend on how the proteins fold, which in turn is
 governed by the amino acid   sequence   (see “Going
 Further: Amino Acids and Proteins” in § . for
 more detail). Sequence governs folding pattern,
 which governs function, an example of creation's
 functional integrity. What we call biological
 information is intrinsically related to the protein
 functionality. In the words of Nobel laureate in
 chemistry Manfred Eigen, biological infor-
mation means “primarily only information in
 the sense that a symbol sequence has a
 1
 Just such a science-fiction scenario has been imagined by Rich-
ard Dawkins in   River Out of Eden   (New York: Basic Books,
 ). Jim Crickson, a biologist, has been kidnapped by an evil
 foreign power and forced to work on biological weaponry. With
 all normal channels of communication denied him, he succeeds
 in communicating with the outside world by encoding a mes-
sage in a virulent influenza virus genome that he spreads by
 first infecting himself and then by sneezing in a room full of
 people. The wave of flu that results spreads across the world,
 and Crickson's message is discovered in laboratories in the free
 world when the viral genome is sequenced in an attempt to
  develop a vaccine. 
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 superior rate of replication, quality of repli-
cation, and life span.”
 In other words, the biological information
 content of a biomolecule depends on it having a
 sequence of monomers that gives it the ability to
 perform a particular function in the natural
 setting. The sequence of amino acids determines
 the folding pattern and ultimately the function
 of the polypeptide. In an analogous manner, the
 sequence of letters in an English sentence deter-
mines its message, which in turn evokes the in-
terpretation of the message by the reader—that
 is, the meaning of the message in English.   Thus
 the polypeptide function is the analog of the sen-
 tence's meaning. 
 If we find that the polypeptide has no vital
 function, this is equivalent to saying that it does
 not contain an appropriate sequence that would
 enable it to function in its biological setting; hence,
 it does not contain biological information. If it has
 a function vital to the living system in which it
 occurs, then it is a bearer of biological information.
 Thus our hypothetical sequence  may or may not
 be a bearer of biological information. That would
 depend on whether it has a function that is im-
portant for the continued existence of the hypo-
thetical living system in which it is located.
 To press this point further, imagine that there
 is a correlation between the meaning in our
 English translation of the protein and the degree
 of protein functionality. In other words, suppose
 that the more information content there is in our
 English translation, the better the protein is in its
 biological function and therefore the more signif-
 2
  Manfred Eigen, 
 Steps Towards Life: A Perspective on Evolution
 (Oxford: Oxford University Press, ), .
 3
 To keep things simple, we ignore the fact that the meaning of the
 message in English may be context dependent. In a similar man-
ner, the protein function may depend on the cellular environ-
ment. Also, it should be noted that essentially the same meaning
 can be conveyed by a different English sentence, for instance,
 “It's over, it's over, it's over.” Likewise, a different sequence of
 amino acids could result in a similar molecular shape with the
 same function. We will return to this point in   §   ..
 icant is its biological information. Our first ex-
ample would not be a very good protein, since all
 it told us was that the end had come, which is not
 a whole lot of information. Consider, on the other
 hand, the following two amino acid sequences
 using the identical group of amino acids that we
 used in “the end message” here arranged in two
  alternative ways: 
  Sequence : Val-Cys-His-Ala-Gly-Cys-Leu-Ala- 
 Gly-Leu-Ala-Cys-Gly-Val-Val-Ala-Gly-His-Gly- 
 Ala-His-Ala-Leu-Gly 
  Sequence : Ala-Val-His-Gly-Leu-Ala-His-Gly- 
 Ala-Val-Gly-Leu-Cys-Gly-Cys-Ala-Val-His-Gly- 
 Ala-Cys-Gly-Leu-Ala 
 When these are translated into English using our
 previous code, they result in the following:
 Sequence : TDH EDN EN DETT EHE H NE
 Sequence : THEN HE TENDED THE DEN
 Assuming our imaginary correlation between the
 meaning in the English translation and the
 protein functionality for the hypothetical poly-
peptides, clearly sequence  is an utter failure,
 whereas sequence  is, by comparison, a very
 meaningful sentence, certainly having greater
 significance than “the end” message in sequence
 . Therefore, its corresponding polypeptide would
 be considered relatively highly functional and
 would be deemed as bearing biological infor-
mation of a relatively high degree (i.e., more
 useful). Now, of course, no such correlation be-
tween the English sentence's meaning and the
 protein's function exists in reality. Our suppo-
sition of a correlation was purely hypothetical to
 illustrate our point—that the sequences of
 monomers in biopolymers govern their function-
ality and that this is the source of their biological
 information content. This example also suggests
 that biological information may not be so easy to
 achieve, but that is a question that we will return
 to in section ..

[image: ]
  392 
  PART FOUR: ORIGIN OF LIFE ON EARTH 
 Going Further: Basics of Biological
  Informational Molecules 
 The two types of molecules that are considered to contain information of a biological nature are proteins and nucleic
 acids. In all of life as we know it today, the maintenance and transmission of biological information involves an intricate
 interaction of these two kinds of biopolymer. Figure .  illustrates in schematic form the way information is transmit- 
ted in living systems and between generations in modern life forms.
 The vertical movement in the flow chart represents transfer of information from one generation to the next. In the
 simplest case, it involves one cell dividing into two identical cells when a single-celled organism such as a bacterium
 divides. Archaea and bacteria are two types of   prokaryotes, the category of organisms that lack a nucleus. Though they
 lack a nucleus, they do not lack DNA, and when the cells divide, the DNA must be reproduced. The process of reproduc-
tion of DNA involves what is known as a template synthesis. The DNA molecule is composed of two strands that are
 complementary to each other (see the similar relationship in RNA in fig. .  in “Going Further: Nucleic Acids” in § .). 
 If the one strand contains an A nucleotide at a given site, the other strand contains a T at the corresponding site; if one
 strand has a G, the other will have a C. In the first step of a template synthesis, the strands separate from each other. In
 the next stage, complementary nucleotides line up beside each of the separated strands and attach to each other. Thus
 the separate strands serve as a template for the production of their complementary strands. By this means, two new
 double-stranded DNA molecules are produced from one. In the end, the information in the original DNA double helix has
 been transferred to the two daughter DNA molecules—that is, from generation one to generation two. The process is
 much more intricate than implied here, and, as noted in the figure, the DNA does not accomplish this on its own. En-
zymes (proteins) assist the operation at each step, ensuring a smooth and efficient process. In short, DNA is incapable of
 reproduction without the help of the proteins.
 The horizontal movement in figure .  is a representation of what has become known as the “central dogma” of 
 biology. Information encoded in nucleotide sequences of DNA is   transcribed   into RNA; the information encoded in the
 nucleotide sequences of RNA is then   translated   into the amino acid sequences of protein. Information flows only from
 left to right. The only exception in nature to this rule known to date occurs for so-called retroviruses, which have the
 capability to transcribe their RNA into DNA using the infected cell's molecular machinery (proteins).
  Figure .  shows in considerably more detail in cartoon form how the left-to-right information flow occurs. The 
 process represented in the cartoon appears very complex, but in fact it has been simplified, with many details left out.
  replication 
  (protein 
  mediated) 
  DNA RNA protein 
  DNA RNA(viral) 
  transcription 
  (protein mediated) 
  translation 
  (protein/RNA 
  mediated) 
  reverse 
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  (protein mediated) 
  replication 
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 Figure ..   Flow chart for biological information.
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 Steps one through three involve preparation of the RNA molecule known as messenger RNA. Its formation is somewhat
 similar to the DNA-template copying described above in that one of the DNA strands functions as a template. In step one,
 part of the double-stranded DNA comes apart, exposing the two separated strands. In step two, individual RNA nucleo-
tides line up in a complementary fashion (A with T, G with C, etc.) on one of the DNA strands, the “copy strand.” These RNA
 nucleotides form bonds to each other, making the messenger RNA (mRNA). In step three the mRNA passes to the ribosome.
 Step four involves two key parts, one inside the cartoon and one outside. The part shown in the cartoon happens in
 the ribosome. Ribosomes are large, complex structures composed of both RNA and protein. The ribosome is the factory
 in which the amino acids are brought together and the peptide bonds are formed. Thus the ribosome can be pictured as
 a gigantic enzyme that performs the mating service between neighboring amino acids on a protein chain.
 The sequence of amino acids that are joined together is determined by two things. The first is the sequence of
 nucleotides on the messenger RNA (transcribed from the DNA sequence in steps one and two), while the second in-
volves the nature of the transfer-RNAs (the tRNAs). The tRNAs are represented by doll-shaped molecules in the car-
toon. Notice that each tRNA doll has an amino acid (represented by the letters T, S, etc.) attached to one of its legs. The
 tRNAs must match up with the mRNA in step four inside the ribosome so that the right amino acid is put into position
 to be added to the growing protein. For instance, in the cartoon the tRNA doll with the sequence CGG on its head
 matches the complementary mRNA sequence GCC and carries the amino acid designated G. Thus G comes into position
 in the polypeptide sequence when GCC occurs in mRNA. The mRNA sequence determines which tRNA aligns, which in
 turn determines which amino acid shows up in the polypeptide. To ensure that this match occurs, the second impor-
tant part in step four, the one that occurs outside the cartoon prior to what is shown in the cartoon, must happen. This
 involves the preparation of those tRNA molecules. It is a process that links specific amino acids to tRNAs with specific
 triplets of nucleotides on their “heads.” Proteins are again involved in putting together the right head with the right
  UAC 
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  AAUC 
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  CACUGA 
  GAGC 
  AG 
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  UUAAU 
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  AA 
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  AATCGCG 
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 5
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  CU 
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  CGG 
 3
  DNA 
  copy strand 
  mRNA (complementary 
 to DNA copy strand)
 Ribosome (a protein/RNA complex)
  TRANSLATION 
  TRANSCRIPTION 
  mRNA 
 a polypeptide 
  peptide bond 
  particular amino 
  acids attached 
  to particular tRNAs 
  DNA 
  master strand 
 DNA splits into single strands
 mRNA assembles along bases on DNA
  mRNA enters ribosome 
 tRNA brings amino acids to line up along mRNA
 Amino acids join via peptide bonds to form polypeptide
 Polypeptide separates from ribosome
  STEPS 
 Figure ..   Cartoon representation of the process of biological information transfer in modern cells. Transcription occurs from
 separated DNA strand to mRNA (messenger RNA). mRNA carries information to a ribosome, where translation occurs to protein.
 (The letters H, I, S, and G represent amino acids that correspond to the anticodons on the “heads” of the tRNA “dolls.”)
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 amino acid attached to one leg of the appropriate “doll.” There is at least one different tRNA doll for every amino acid,
 and more than one in some cases. Once the tRNA is in position, step five, the bond formation between adjacent amino
 acids, can occur. In step six the completed protein (in the cartoon case only a short, four-unit polypeptide) is released
  from the ribosome. 
 The translation of the information from the nucleic acids, DNA and RNA, into protein is consummated in these im-
portant steps four through six. It is called a translation because the languages of the two polymer families, the nucleic
 acids and the proteins, are different. The nucleic-acid languages have only four letters each, corresponding to the four
 different nucleobases for both RNA and DNA. The protein language involves twenty amino acids. For communication to
 occur between the two systems, there has to be a correspondence between the bases in the RNA/DNA system and the
 amino acids in the protein system, but four cannot match twenty. Hence, groups of three bases in the nucleic acid sys-
tem are needed to provide enough different combinations to correspond to the twenty different amino acids in the
 protein system. Table . shows the different combinations of three bases (known as codons) in mRNA and their corre-
sponding amino acids. Since there are sixty-four ways of putting together four bases, three in a row, there is redundancy
 in the matchup, as the chart shows.
 In summary, a message in DNA occurs in a chain of codons, groups of three bases, which can be thought of as letters
 in the DNA language. It is first transcribed into mRNA, still in a sequence of codons with only one minor change—U
 replaces T. Then, in the ribosome, the message is translated into protein in terms of an amino acid sequence. The key
 players in this translation step are the tRNAs (the dolls in the cartoon) because they provide the link between the anti-
codona  (on the doll's head) and the amino acid (on the doll's foot) based on the code summarized in table ..
 The astoundingly complex nature of this intricate mechanism of protein production involving the cooperative rela-
tionship between DNA, RNA, and proteins has impressed generations of scientists. Through the eye of faith we can rec-
ognize it as an exceptional example of the functional integrity of God's creation.
 a
 The group of three bases on the head of the tRNA is called an   anticodon
 because it does not have the same sequence as the corresponding codon in
 mRNA but instead is complementary to it.
 U
 C
 A
 G
 G
 U
 C
 A
  UUU 
  UUC 
  UUA 
  UUG 
  Phe 
  Leu 
  UCU 
  UCC 
  UCA 
  UCG 
  UAU 
  UAC 
  UAA 
  UAG 
  UGU 
  UGC 
  UGA 
  UGG 
  CGU 
  CGC 
  CGA 
  CGG 
  CAU 
  CAC 
  CAA 
  CAG 
  CCU 
  CCC 
  CCA 
  CCG 
  CUU 
  CUC 
  CUA 
  CUG 
  AUU 
  AUC 
  AUA 
  AUG 
  ACU 
  ACC 
  ACA 
  ACG 
  AAU 
  AAC 
  AAA 
  AAG 
  GGU 
  GGC 
  GGA 
  GGG 
  GAU 
  GAC 
  GAA 
  GAG 
  GCU 
  GCC 
  GCA 
  GCG 
  GUU 
  GUC 
  GUA 
  GUG 
  AGU 
  AGC 
  AGA 
  AGG 
  Stop 
  Stop 
  Stop 
  Met 
 U
 C
 A
 G
 U
 C
 A
 G
 U
 C
 A
 G
 U
 C
 A
 G
  Leu 
  Ile 
  Val 
  Ser 
  Pro 
  Thr 
  Ala 
  Tyr 
  His 
  Gln 
  Asn 
  Lys 
  Asp 
  Glu 
  Cys 
  Arg 
  Ser 
  Arg 
  Gly 
  1st 
  Letter 
  2nd 
  Letter 
  3rd 
  Letter 
 Table ..   The correspondence for
 translation between codons in mRNA
 and amino acids in proteins. U, C, A,
 and G stand for uracil, cytosine,
 adenine, and guanine. The amino
 acids are symbolized by the
 abbreviation on the right side of each
 internal box (e.g., Ala stands for
 alanine). Notice the redundancy, such
 as that GCU, GCC, GCA, and GCG in
 RNA all mean alanine in protein.
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 ... The information-storage function of nucleic acids.
 You may be wondering whether it is appropriate to
 say that DNA or the RNA in our hypothetical ex-
ample contains biological information since nu-
cleic acids remain relatively passive, not per-
forming vital functions in the manner of proteins
 in their formation of structures or in their catalytic
 activity. However, we can again apply the ana-
logical relationship between ordinary information
 and biological information to answer this question.
 A book on a library shelf certainly contains or-
dinary information since it has the capacity to
 convey meaning. Yet for that information to
 become realized—that is, for the meaning to be
 conveyed—the book has to be read. Until it is read
 the information in the book is only latent, not
 active. In a similar manner DNA can be said to
 contain biological information in latent form. For
 that information to have a biological function in
 the form of a protein (the analog of meaning), the
 DNA must be transcribed into RNA and translated
 into protein. To make the analogy even more ac-
curate, we might substitute for just any book, a
 book written in Greek. For the latent information
 in the book to become meaningful in an active
 sense for a reader of English, it must be translated.
 Likewise, the DNA information can be translated
 via RNA into a functional protein. Thus it is ap-
propriate to say that DNA contains biological in-
formation, but in a latent sense.
 In summary, then, biological information is di-
rectly and intrinsically dependent on the function-
ality of the biomolecules in question. Biomolecules
 such as proteins and RNA or DNA, because they are
 vital to the ongoing life of the individual organism
 and succeeding generations, need to have their in-
formation content passed on whenever cells divide
 and/or new organisms are generated. In a modern
 cell this is accomplished through careful copying of
 the base sequences in the DNA. This preserves the
 information because the sequence transference en-
sures the same functionality in the subsequent gen-
eration of proteins or RNA translated or tran-
scripted from the DNA. From the vantage point of
 the doctrine of creation, these would be examples
 of creation's functional integrity and creation min-
istering to creation (§ ..).
 ... Biological information and the question of
 agency.   Now that we have clarified what is meant
 by biological information as opposed to ordinary
 (semantic) information, another important
 question arises. Everyone would agree that the oc-
currence of a meaningful sequence of symbols is
 indicative of the activity of an intelligent agent. The
 current search for intelligent life in the SETI
 project is predicated on this proposition.   If you
 found a rock on an ocean shore with the words
 “John was here” inscribed on it, you would not at-
tribute it to the weathering effects of wind and sea.
 In other words, the origin of ordinary information
 requires an intelligent source. Is the same thing
 true of biological information? Does a sequence of
 amino acids in a protein, which renders it capable
 of a biological function, similarly indicate that it
 had an intelligent source?
 How one answers this question largely depends
 on how one views the relationship between se-
mantic and biological information. For instance,
 Intelligent Design (ID) theorists, such as Stephen
 Meyer, admit that the relationship is metaphorical
 but contend that there is a close correspondence
 between them.   On this basis Meyer argues that
 since ordinary or semantic information requires
 an intelligent source, biological information does
 as well. In addition, Meyer and other ID theorists
 reject current scientific efforts to explain the origin
  of biological information. 
 It is evident, nevertheless, that there is a vast
 difference between the   meaning   conveyed by a
 4
 SETI (Search for Extra-Terrestrial Intelligence) is a scientific effort
 to discover intelligent life elsewhere in the universe, primarily by
 attempting to discover radio signals that indicate intelligence.
 5
  Stephen C. Meyer, 
 Signature in the Cell: DNA and the Evidence
 for Intelligent Design   (New York: HarperCollins, ), .
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 sequence of symbols on a page and the life-sup-
porting   function   performed by a protein, deter-
mined by its sequence-dependent structure. The
 word   information   is applied in both cases.
 However, we would contend that the relationship
 between these two types of information is only a
 very loose analogical one and therefore that it is
 not logically necessary to attribute the origin of
 biological information to the direct action of an
 intelligent agent. On the other hand, we would
 also contend that the agency of intelligence in
 bringing into being biological information cannot
 be ruled out. The process by which this infor-
mation arose remains an open question. Con-
sistent with the doctrine of creation, we believe
 that the triune Creator was active in the origin of
 biological information, however it occurred and
 whether or not we are able to explain it scientifi-
cally. We will return to this subject in chapter 
  twenty-three. 
 Now it is time to ask, How could biological infor-
mation have arisen at the beginning of life? Clearly,
 if the preceding argument that information is vested
 in biomolecules in their functionality is correct, that
 generates two additional questions. First, how could
 biomolecular functionality have arisen under pri-
mordial Earth conditions, and, second, how could
 its existence have been maintained in the process of
 replication of the biomolecules?
  21.2. PROBABILITY OF BIOLOGICAL 
  INFORMATION'S ORIGIN 
 Could biological information's appearance have
 been a chance event?   One way of approaching the
 question of biological information's origin is to
 keep things simple. For instance, consider the fol-
 6
 For a more extensive discussion of the distinction between bio-
logical information and other kinds of information, related to the
 ID postulate, see Randy Isaac, “Information, Intelligence, and the
 Origins of Life,”   Perspectives on Science and Christian Faith   
 (December ): -; Jonathan K. Watts, “Biological Informa-
tion, Molecular Structure, and the Origins Debate,”   Perspectives
 on Science and Christian Faith    (December ): -.
 7
 Recall that chance or random events are not lawless chaos (§   ..).
 lowing calculation, based on a simple probability
 argument. Suppose we want to determine the like-
lihood of a single functional protein molecule ap-
pearing in a primordial soup. If we are asking
 about the origin of information, we need to inquire
 about the probability of the specific sequence of
 amino acids in the protein, which determines its
 particular function. We begin by assuming that we
 are trying to make a specific protein a fixed number
 of amino acids long. Let the number of amino
 acids equal   n. We want to calculate the probability
 of obtaining the amino acids in a particular order.
 The probability of getting the first amino acid
 right is one in twenty since there are twenty amino
 acids and we will assume that each one has an
 equal likelihood of being in a given position. The
 probability of getting the second one correct is the
 same; for getting both correct it is (/), since to
 calculate the probability for two events both hap-
pening, you have to multiply the probabilities of
 the individual events. The probability for   n   amino
 acids in a row being right is (/)n. Now we have
 to choose the value of   n. Clearly the probability for
 a given sequence gets smaller the longer the chain,
 so we will choose the smallest reasonable value of
 n   to improve our chances. The shortest functional
 protein reported to date has   n   equal to twenty,
 while most have   n   equal to one hundred or more.
 We will choose something in between, say   n   = ;
 we get (/)  equal to –—a very small number
 in which there is a zero followed by a decimal place
 and then sixty-five more zeros before the first
  nonzero digit appears. 
 Now we take our probability estimate to the
 next level. We recognize that a single functional
 protein is not likely to be biofunctional. This is to
 say, it would take more than one biomolecule to
 carry out life-sustaining processes. How many
 would we need? We turn again to biology in the
 present and ask, How many biofunctional mole-
cules are there in the simplest organism known
 now? Theoretical and experimental biologists have
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 cooperated in attempts to identify the minimal
 genome for a functioning cell. In other words, they
 have attempted to determine the smallest number
 of different proteins needed for the simplest or-
ganism. Their best estimates come to around .
 Taking this number as our protein count, for all of
 them to occur together, we again would have to
 multiply the probabilities of individual ones. We
 will make the outlandish assumption that they are
 all relatively short ( amino acids). Thus our
 probability to have a working cell appear in the
 primordial soup using this rather conservative ap-
proach would be (–). That number comes to
  around  
 –
   
 .
 Hoyle and Wickramasinghe, panspermists we
 met in section ., in their book   Evolution from
 Space: A Theory of Cosmic Creationism   carried out
 a calculation analogous to the one above. It dif-
fered in some of the particulars, especially in the
 number of proteins necessary for cellular function.
 They arbitrarily chose that number to be two
 thousand. As a consequence their probability came
  to be  
 –
   
 . When numbers are this small, the
 difference between their result and ours hardly
 matters. The conclusion they reached, probably ap-
plicable as well to our result, is that such a small
 probability “could not be faced even if the whole
 universe consisted of organic soup.”
 Clearly, if Hoyle and Wickramasinghe are right,
 abiogenesis is a hopeless cause. However, origin-
of-life scientists would argue that we have oversim-
plified the case. There are several assumptions
 both apparent and hidden in our analysis that are
 open to question. First, the origin of life must be
 viewed as a gradual process. Assuming that many
 proteins would occur relatively quickly in a short
 timeframe to yield a metabolic system comparable
 to a bacterium living today is a modern version of
 spontaneous generation. Biological information in
 8
 Fred Hoyle and Chandra Wickramasinghe,   Evolution from
 Space: A Theory of Cosmic Creationism   (New York: Simon &
  Schuster, ), . 
 the current view of researchers in the field un-
derwent   gradual development   as complexity in-
creased. This gradual process might be called gen-
eration, but it is certainly not spontaneous, if by
 spontaneous we mean sudden.
 Secondly, consistent with this idea, there may
 be many different polypeptides that will serve the
 same catalytic purpose or some that can play more
 than one role. Our argument above implicitly as-
sumes that only one protein sequence will fulfill a
 particular role. There seems to be increasing evi-
dence that many different sequences may be able
 to achieve the same function. Research into the
 ways proteins fold indicates that there are two
 basic repeated patterns—the α-helix and the
 β-sheet—and the ways that these can be combined
 are limited to about one thousand motifs. Therefore,
 a particular shape achieved by combining helixes
 and sheets may be attained through a large variety
 of amino acid sequences, since there are many dif-
ferent sequences that give the helix or sheet
 structure. Some theoreticians have argued that the
 exact identity of an amino acid at a given site is not
 important, but rather whether it is hydrophobic
 (water hating) or hydrophilic (water loving).
 Comparisons of sequences among different pro-
teins with similar functions seem to support this
 idea. Since it is the shape, not the sequence itself,
 that determines function, all of these different
 reasons suggest that there may be multiple se-
quences that would do the trick. What this means
 is that Hoyle and Wickramasinghe's estimate of
   
 –
   
 for the probability of a complex set of pro-
teins appearing in a primordial soup may be far out
 of bounds, underestimating the actual probability.
 Furthermore, many large proteins are con-
structed by piecing together modules, and these
 modules themselves may have limited catalytic
 activity. In addition, there is mounting evidence
 9
 As discussed in further detail in “Going Further: Amino Acids
 and Proteins,” the hydrophobic or hydrophilic character of amino
 acids in a sequence is a key factor in how the protein folds.
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 that many short polypeptides can function as cata-
lysts, although their specificity would be dimin-
ished as they got shorter and their shapes had less
 definition. Nevertheless, it is possible to imagine
 interacting networks of polypeptide catalysts,
 though shorter and less efficient than modern pro-
teins, that might approximate the way living cells
 function in the present.
 In  Stuart Kauffman, a theoretician from
 the Santa Fe Institute, postulated that life got
 started through “self-organization,” involving net-
works of shorter polypeptides (and perhaps short
 RNA polymers) engaging in mutual catalysis. He
 contended that the highly ordered systems that
 exist within living cells today arose as a conse-
quence of cross-catalysis between polymeric mol-
ecules, perhaps mostly polypeptides, simpler fore-
runners of modern proteins.   Thus Kauffman's
 emphasis was not on the specific sequences of the
 amino acids in these polypeptides—their infor-
mation content—but rather on their capacity for
 mutual catalysis in the intricate networks of linked
 chemical cycles that make cells alive. We will have
 more to say about Kauffman's theories in the next
 chapter on possible scenarios for life's origin.
 An important question that Kauffman did not
 address involved which of the two types of infor-
mation-containing biomolecules, proteins or nu-
cleic acids, had priority in life's origin. Kauffman
 allowed for the possibility of both participating in
 the catalytic cycles that he postulated. By ,
 however, a significant separation had begun to
 occur between proponents of a nucleic acid start
 for life and those with a proteins-first approach. In
 fact, Orgel (§ .), who was a prime critic of pre-
biotic metabolic cycles such as Kauffman proposed,
 was one of several scientists who during the s
 singled out RNA rather than either DNA or pro-
teins and suggested that life might have started
 with RNA alone. In effect, this amounted to a hy-
  10 
  Stuart Kauffman, 
 The Origins of Order: Self-Organization and
 Selection in Evolution   (New York: Oxford University Press, ).
 pothesis that biological information arose first in
 the form of RNA. We turn now to a further consid-
eration of this RNA-first proposal.
  21.3. PROTEINS OR NUCLEIC ACIDS: 
  THE CHICKEN OR THE EGG? 
 Within a decade after Miller and Urey initiated the
 modern attempt at investigating the viability of the
 Oparin-Haldane hypothesis in , origin-of-life
 researchers were beginning to ask probing ques-
tions about significant details of the abiogenesis
 theory (chap. ). By this time, spurred by the 
 Crick-Watson discovery of DNA structure, also in
 the s, much progress had been made in the
 understanding of the process of transcription/
 translation in the conversion of the information
 stored in DNA into protein (outlined in “Going
 Further: Basics of Biological Informational Mole-
cules”). With this insight into the cell's mechanism
 for information transfer in hand, Orgel and other
 scientists interested in the origin of life began to
 imagine how the genetic code linking DNA and
 proteins could have come into existence.
 The relationship between proteins and nucleic
 acids in the processes of transcription and trans-
lation is an intimate and complex one, to say the
 least. Proteins are not produced in the modern cell
 without the information provided by DNA and
 transmitted via RNA. Meanwhile, DNA and RNA
 cannot be produced, be replicated, or carry out
 their information-supplying functions without the
 participation of proteins catalyzing all of the pro-
cesses involved. So how could it all have gotten
 started? In short, it appears you cannot have one
  without the other. 
 In the s several scientists began to believe
 that it was not likely that the nucleic acids and the
 proteins appeared on the scene simultaneously
 and grew up together, developing in a progressive
 manner as in the relationship observed in the
 present. The possibility that both were involved
 from the beginning and evolved together could not
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 be completely ruled out, but it seemed to these sci-
entists that the probability of such a scenario was
 extremely small. That left them with two options:
 () proteins appeared on the scene first, gained the
 capacity for replication, and later nucleic acids
 arose, perhaps with the assistance of proteins, and
 eventually the modern relationship developed; or
 () nucleic acids appeared on the scene first, gained
 the capacity for replication, and later proteins
 arose, presumably with nucleic acid's assistance,
 leading to the modern scheme of things. It has
 almost become a cliché and one that reminds us of
 our original primordial soup analog. The choice
 amounts to picking which came first, the chicken
 (protein) or the egg (nucleic acids).
 Some of the scientists confronting this choice
 reasoned that the ability to replicate was a primary
 function for early life forms. That DNA and RNA
 replicate via similar means, by what is known as a
 template   mechanism (see “Going Further: Basics of
 Biological Informational Molecules”), whereas
 proteins show essentially no capacity for a compa-
rable ability for self-reproduction, led them to
 favor the “egg first” option. However, they did not
 merely choose this option. They took it one step
 further and chose RNA over DNA.
 Their reason for this choice can be understood by
 considering the relationship between RNA and
 protein in the process of protein production. RNA is
 the intermediary between DNA and protein. Mes-
senger RNA (mRNA) carries the message from DNA
 to the ribosome, the protein factory where the amino
 acids are stitched together to form protein. Fur-
thermore, tRNA acts as the go-between for the
 mRNA and the amino acids. Finally, the ribosome
 where the proteins are made is composed of RNA
 and protein. Thus RNA appears to have a central role.
 The scientists reasoned that RNA was more ver-
satile than DNA and would have had a better
  11 
 The basic structure of inference to the best explanation (§   ..)
 leads to the conclusion that nucleic acids and the proteins aris-
ing together is both more complex and less plausible than either
 options () or ().
 chance of functioning on its own. In addition, that
 RNA occurs as a single-stranded polymer that folds
 back on itself in a manner somewhat similar to pro-
teins suggested to them that it was conceivable that
 RNA might have had the capacity to function in a
 manner similar to proteins—that is, behave as a
 catalyst. Hence, three factors recommended RNA
 to these scientists: its central role in the current
 pattern of information transfer, its ability to engage
 in template replication, and its postulated potential
 for catalytic behavior led to the proposal that RNA
 may have had priority over proteins and DNA, both
 in function and order of appearance. In a sense
 these scientists proposed that the best choice was
 not between the chicken and the egg but rather that
 one of the eggs could also have functioned as the
 chicken at the beginning of life.
 Even if RNA once had catalytic ability, it was
 generally believed that proteins had completely
 taken over the role of enzymes in modern life. The
 proposal of a catalytic role for RNA in prebiotic
 chemistry remained highly speculative. In , a
 little more than a decade after the suggestion that
 RNA might be able to function as a catalyst prebi-
otically, two different laboratories demonstrated
 this ability for RNA molecules in contemporary
 living organisms. Thomas Cech, an American, and
 Sid Altman, a British scientist, independently re-
ported the observation of catalysis by RNA.   Spe-
cifically, the type of reaction in which they observed
 RNA catalysis was one involving the cutting and
 joining of segments of RNA. A new word was in-
vented to identify RNA molecules that exhibited
 catalytic capability—ribozyme, a conjunction be-
tween   ribonucleic acid   and   enzyme, an unexpected
 example of creation ministering to creation. The
 discovery was an extremely important one, and
 Cech and Altman shared a Nobel Prize for it in .
  12 
 Kelly Kruger et al., “Self-Splicing RNA: Auto-Excision and
 Auto-Cyclization of the Ribosomal-RNA Intervening Sequence
 of Tetrahymena,”   Cell    (): -; Cecilia Guerrier-Takada
 et al., “The RNA Moiety of Ribonuclease P Is the Catalytic Sub-
unit of the Enzyme,”   Cell    (): -.
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 The catalysis discovered by Cech and Altman
 was not a very significant one biochemically. Nor
 was it as impressive or effective as comparable
 protein catalyses. Nevertheless, the observation of
 any level or type of catalytic activity by RNA in
 modern life was considered extremely important,
 and it provided the hope and anticipation of greater
 findings to come. Moreover, the discovery of ribo-
zymes gave a huge boost to the idea that RNA had
 priority in life's origin. Suddenly it seemed much
 more reasonable to think of RNA as playing a dual
 role in the origin of life, playing the part of both the
 chicken and the egg. Exploration of other possible
 enzymic functions for RNA began in earnest in
 many laboratories, and numerous additional in-
stances of RNA catalysis were soon reported. The
 idea that there may have once existed RNA mole-
cules that were able to catalyze their own repli-
cation without the assistance of proteins grew in
 popularity, and in  Walter Gilbert, a Harvard
 biologist, coined the term that described this
 concept. He called it the RNA world.   The idea that
 life began with RNA without protein involvement
 had gained considerable momentum.
  13 
 Walter Gilbert, “Origin of Life: The RNA World,”   Nature   
  (): . 
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  ALTERNATIVE SCENARIOS 
  FOR LIFE'S ORIGIN 
  THIS CHAPTER COVERS: 
 The RNA world proposal
 The postulate of a protometabolism
 Life as a collectively autocatalytic system
  Compartmentalization 
 The iron-sulfur world proposal
 A proposed beginning for life inside rocks at a
  deep-sea hydrothermal vent 
 We turn now to a consideration of some of the
 recent and more widely accepted scenarios for how
 life began. The examples we will consider do not
 represent a comprehensive grouping. It was nec-
essary to be selective. Furthermore, the examples
 discussed are not mutually exclusive. There are
 degrees of overlap among them, and in some cases
 they differ mainly in where they place their em-
phases. We will begin with the proposal introduced
 briefly in the last section of the previous chapter—
 the RNA world hypothesis. What we will review
 here illustrates creation's functional integrity
 (§ ..) and includes possible ways creation min-
istered to creation (§ ..) to bring about and
  sustain life. 
 22.1.   THE ORIGIN AND
  DEVELOPMENT OF THE 
  RNA WORLD 
 In most respects the RNA world hypothesis is an
 extension of the Oparin-Haldane hypothesis. The
 story of a collection of monomers formed from
 inorganic starting materials polymerizing to form
 complex biomolecules on the primordial Earth in
 a so-called primordial soup is still very much a
 part of the story in most versions of this hypothesis.
 The only thing that has changed is a reduction of
 the number of key ingredients in the soup or of
 actors in the play, to change the analogy. Instead of
 a mix of actors with equal parts, including DNA,
 RNA, lipids, and proteins, in the RNA world, RNA
 is given the starring role. DNA has been banished
 altogether from the first act in the story of life's
 beginning, and the extent of the participation of
 proteins is very much in doubt. As we will discover,
 some origin-of-life scientists who support the RNA
 world approach would prefer to leave them out
 completely. Others are willing to give them at most
 minor roles. Similarly, lipids and their formation of
 membranes are only a minor part of the story. RNA
 becomes the principal player, and for those who
 accept the RNA world hypothesis, the problem of
 the origin of life becomes primarily the problem
 of the origin of RNA, or more precisely, the origin of
  an RNA replicator. 
 An RNA replicator is a molecule that has the
 capacity to make copies of itself. Research into the
 origin of the RNA world focuses mainly on the fun-
damental question of how a self-replicating RNA
 molecule could have come into existence without
 protein assistance. To discuss the development of
 the RNA world, what amounts to the initiation of
 prebiotic molecular genetics and the origin of bio-
logical information, we will begin by assuming
 that we have available a supply of nucleotides in a
 pool somewhere, perhaps a tidal pool with access
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 to mineral catalysts. Given this starting point,
 what is a possible scenario for the origin of a self-
 replicating RNA molecule? 
 ... A proposed beginning for the RNA world: The
 molecular biologist's dream.   Gerald Joyce and Leslie
 Orgel, two prominent RNA world proponents who
 have carried out extensive research on these issues,
 have imagined how this might have happened.
 They describe what they call “the Molecular Biolo-
gist's Dream.”   Their starting point is essentially
 the assumption noted above—the availability of a
 pool of nucleotides. The sequence of steps that they
 imagine might have occurred in this pool is illus-
trated in figure .. Much of the research into the 
 origins of the RNA world can be thought of as at-
 1
  Gerald 
 F. Joyce and Leslie E. Orgel, “Prospects for Understanding
 the Origin of the RNA World,”   The RNA World, nd ed., ed. Ray-
mond F. Gesteland, Thomas R. Cech, and John F. Atkins (Cold
 Spring Harbor, NY: Cold Spring Harbor Laboratory Press, ), .
 tempts to flesh out in laboratory experiments the
 steps imagined in this “dream.” In the following we
 will attempt a short summary of progress to date
 for each of the steps.
 Step A involves the necessary prebiotic chem-
istry to accumulate the ingredients of RNA shown
 in the diagram. Experimentation into the prebiotic
 synthesis of these starting materials in step A had
 been well under way before the invention of the
 RNA world or the dream had ever been imagined.
 We have already addressed the research sur-
rounding the prebiotic synthesis of the compo-
nents of the nucleotides and that of the nucleotides
 themselves in our discussion of the primordial
  soup (§§ .-.). 
 Step B involves the formation of random
 polymers of RNA catalyzed by minerals at the
 bottom of the pool. One of these strands happens to
 have a sequence of bases that has catalytic potential
 and is labeled “catalyst” in the figure. Research on
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 Figure ..   An optimistic scenario for the origin of the RNA world (see text for description).
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 step B was discussed in section .. It is also a
 work in progress, but the partial success in assem-
bling chains of nucleotides into polymers with as
 many as forty units on a clay surface represents a
 significant step forward. Further research is likely
 to continue along these lines to investigate the
 mechanism of this process and to search for other
 naturally occurring mineral surfaces that might
 exhibit similar or even improved catalytic activity.
 Step C represents the initiation of template syn-
thesis, in which the nucleotides line up in a so-called
 Watson-Crick pairing: U with A, G with C, and so
 forth, in a manner analogous to the way they do in
 modern cells when mRNA forms on a DNA strand
 or when the complementary bases in DNA align to
 form the double helix. Notice that in step C the nu-
cleotides are not linked together but have only
 paired up with their complements on the RNA
 strand. In step D the links have been completed so
 that now two strands exist, complementary to each
 other. An important difference exists, however, be-
tween this template synthesis and the examples of
 Watson-Crick pairing in modern cells noted above.
 The formation of mRNA and the copying of DNA
 strands via template synthesis in living cells are
 carried out with enzyme assistance (protein ca-
talysis), but in the purest versions of the RNA world
 hypothesis, no proteins are presumed to be available.
 Template syntheses without the help of proteins
 such as the one initiated in step C and completed
 in step D have been investigated in several labora-
tories with only mixed success. RNA world re-
searchers have tried to carry out template syn-
theses starting with various RNA strands in the
 presence of so-called activated nucleotides (recall
 from section . that activation is necessary to
 make the process a downhill one in energy). The
 primary goal is to observe accurate copying of the
 sequence on the template strand in the formation
 of the complementary strand. In addition, it is
 highly desirable that the linkage be consistent with
 the ʹ-to-ʹ   linkage on the template strand, as dis-
cussed in section .. Recall that ʹ-to-ʹ   linkage
 is also possible. The results have been decidedly
 mixed. The linkage is not consistently ʹ-to-ʹ, and
 the activating molecule that works best is not pre-
biotically the best choice. Without going into de-
tails, it is evident that much additional research
 remains to be done to explore the feasibility of this
 sort of template synthesis without protein catalysis.
 Meanwhile, some scientists have argued that at
 some of these difficult steps in the dream, it would
 be handy to have some catalytic help. One place to
 look would be short polypeptides—not the long-
chain, fully developed proteins encoded in DNA
 that we know today, but smaller and simpler mol-
ecules, randomly formed in the primordial soup,
 that might be able to assist in making RNA mole-
cules or helping them to function. Therefore, for
 these scientists, RNA world does not mean RNA
 only but RNA first as the bearer of biological infor-
mation. We will discuss one of these proposals in
  the next section. 
 The two RNA strands formed in steps C and D
 are joined together by relatively weak hydrogen
 bonds. Bonds that are weak are broken relatively
 easily, and that is what happens in step E, perhaps
 through a slight increase in temperature. Such
 strand separations that occur through warming
 are called melting. The temperature of RNA
 melting depends on how long the strands are: the
 longer the strand, the higher the melting point. If
 the temperature increase required is too great, it
 could result in decomposition of the RNA. That
 might limit the length of RNA strands, which may
 raise further complications in that relatively long
 strands are believed to be required for catalysis.
 Assuming the problems raised to this point can
 be avoided, we proceed to step F. In this step, the
 catalyst strand has folded into a shape, determined
 by its unique sequence of bases, that enables it to
 catalyze the formation of the complement of its
 complement. But the complement of its com-
plement is the catalyst strand itself. Thus in step F
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 the goal of self-replication is accomplished. In step
 G, after the newly minted strands have separated,
 there are now two catalysts busily involved in
 making copies, one of the complement and the
 other of the catalyst. Step H simply shows the result
 of the process carried out multiple times, with many
 catalytic strands and their complements replicated.
 Step F has attracted the most attention in terms
 of experimental studies. A veritable cottage in-
dustry has grown up attempting to produce ribo-
zymes (RNA catalysts) that are capable of copying
 strands of RNA. The ribozymes first discovered
 had the capability of cutting and joining RNA
 strands. RNA researchers have engaged in sophis-
ticated and extensive attempts to expand this capa-
bility so that single nucleotides rather than strands
 of nucleotides would be involved in the joining
 process. The goal is to achieve RNAs produced in
 the laboratory that would be able to catalyze tem-
plate synthesis similar to that pictured in step F. If
 an RNA molecule is produced that can copy any
 sequence it encounters, then clearly it could copy
  one like itself. 
 The attempted production of these enzymes has
 involved a combination of two approaches—what
 might be called “molecular engineering” and what
 has been termed “in vitro evolution.”   In vitro
 means literally “in glass,” therefore in a laboratory
 setting, as opposed to in vivo, “in life.” The engi-
neering involves straightforward chemical ma-
nipulation, meaning researchers can build into an
 RNA molecule sequences that have been shown to
 perform chemically in the desired way.
 The in vitro evolution involves taking advantage
 of the fact that when the RNA molecules engage in
 the copying process, they are not perfect but
 produce “errors.” Thus the subsequent generations
 of RNA molecules can vary in sequence. The re-
searchers then harvest the subsequent generations,
 isolate the different forms, and compare their ca-
pacity to engage in the copying process. By that
 means the researcher is able to select the best
 forms and in successive generations continue to
 improve the ribozyme performance at making
 copies. In a sense this in vitro evolution is believed
 to be a speeded-up analog of what is presumed to
 have occurred in vivo—that is, in the RNA world.
 Origin-of-life scientists who support this thesis
 believe that the capability of the first replicators to
 undergo a Darwinian-type evolution by taking ad-
vantage of favorable copying variations is another
 important aspect of the RNA world hypothesis.
 Have these RNA researchers succeeded in pro-
ducing a self-replicating molecule? Not to date, nor
 do they seem very close in terms of the dream in
  figure .. But perhaps it is not the right dream, 
  and research continues. 
 Some noteworthy results have been forth-
coming from the intensive efforts expended. An
 example of recent progress is the development of a
 ribozyme capable of catalyzing the copying of RNA
 molecules slightly longer than itself using single
 nucleotides.   Ice water temperatures are required,
 and the ribozyme copies only certain sequences,
 not including its own. The ribozyme involved is
 about two hundred units long, seemingly much
 too long to be readily envisioned as appearing in a
 random grouping, as in step B. Recall that polymers
 only about fifty units long have been achieved on
 clay catalysts (§ .).
 ... Remaining questions, supporting evidence, and
 the transition to a DNA world.   There are several theo-
retical questions that remain to be answered when
 considering these attempts at demonstrating the
 viability of the RNA world approach. One involves
 the very simple one of how long an RNA chain
 must be to possibly function as a catalyst. A
 second issue involves the question of what fraction
 of all of the possible nucleotide sequences that are
 longer than that minimum length would have the
 capacity to function as catalysts. Given an RNA
 2
 James Attwater, Aniela Wochner, and Philipp Holliger, “In-Ice
 Evolution of RNA Polymerase Ribozyme Activity,”   Nature Chem-
istry    (): -.
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 that is long enough, how likely is it to fold in a way
 that enables it to be a self-replicating catalyst?
 Both of these questions relate to our earlier con-
siderations about the nature and the origin of bio-
logical information. No one knows the answer to
 either of these questions. We will return to these
 issues in chapter twenty-three. 
 A third question involves the issue of imper-
fection in the copying process. Once an RNA mol-
ecule is able to function as a replicator, according
 to the theory, a kind of Darwinian evolution be-
comes possible (chap. ). As discussed earlier, an 
 improvement in replication becomes possible in
 the next generation if changes in the nucleotide
 sequence lead to faster replication. The faster
 copiers are the ones that will survive because they
 out-reproduce the other variants. But that means
 there have to be errors in the copying process for
 this improvement to be possible. Errors in copying
 make progress possible. Unfortunately, this sword
 has a double edge. Theorists have long known that
 too many errors lead to chaos and what is known
 as “the error catastrophe.” The copying has to be
 good but not too good, but where does the happy
  medium lie? 
 While research into the processes illustrated in
  figure .  has met with only mixed success in pro- 
viding support for the hypothesis, ironically, a de-
velopment that provided one of the strongest
 pieces of evidence in support of the RNA world
 approach came from research outside the origin-
of-life research community. About ten years ago,
 the detailed internal structure of the ribosome was
 completed. Recall that the ribosome is made up of
 both RNA and protein and is the factory where
 amino acids are joined to make proteins in all
 known life today (see fig. .). The structure de- 
termination demonstrated conclusively that the
 site in the ribosome where the peptide bond is ac-
tually formed is completely surrounded by RNA.
 No proteins are directly involved in the protein
 synthesis from amino acids. The process is essen-
tially an RNA operation in the ribosome. This fact,
 RNA world theorists argued, clearly demonstrates
 the priority of RNA over protein. They reason that
 if RNA makes protein in living cells today, it is
 most likely the way things got started, a form of
 inference to the best explanation (§ ..). The dis-
covery has been called “the smoking gun” by RNA
 world advocates. They contend that it is totally con-
sistent with the RNA world scenario of RNA self-
replicators' existence prior to the development of
  RNA-guided protein synthesis. 
 RNA world theorists interpret the evolution of
 a ribosome capable of knitting together proteins as
 the next stage beyond the origin of the self-
replicator in the dream of figure .. This stage is 
 generally referred to as the RNA-protein world. In
 this stage, the RNA would begin to function more
 as information-storage molecules and less as cata-
lysts, as they would hand this latter responsibility
 over to the proteins that RNA knits together in the
 ribosome. The story becomes very complicated at
 this stage since there are several functions of RNA
 that must develop, including mRNA and tRNA in
 addition to the rRNA referred to above. All of this
 must take place in the context of an evolution of
  the genetic code. 
 Hypotheses have been proposed for these
 various steps, the details of which would take us
 well beyond the level of this text.   Suffice it to say
 that the research at this level to date has been
 largely theoretical in nature. Argumentation in
 support of the hypothesis is drawn mainly from
 the mechanistic details of the systems that operate
 in present-day organisms. Ultimately the RNA
 must reach its present-day status as the interme-
diary between DNA and protein. In other words,
 the RNA must hand the responsibility of encoding
 for protein synthesis to DNA and revert to being a
 3
 For a recent review of hypotheses regarding the transition from
 the RNA world to the present-day world of proteins, see David
 W. Morgens, “The Protein Invasion: A Broad Review on the Ori-
gin of the Translational System,”   Journal of Molecular Evolution
   (): -. 
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  Going Further: Hydrolysis 
 The reactions to form both types of the important biopolymers, the proteins and nucleic acids, from their respective
 monomers have two things in common. First, they both involve HO as a byproduct. Second, they are both reactions that
 are uphill on a chemical potential-energy diagram (fig. .). Since the chemical processes are reversible, given enough 
 time they may happen in the opposite direction—the water may react with the polymers, breaking them apart to reform
 the monomers. This process is a type of chemical reaction that commonly occurs in aqueous solutions and has been given
 the name   hydrolysis, from the Greek for
 hydro   (water) and   lysis   (to separate).
 “Given enough time” is a key phrase in
 the preceding paragraph. How long the
 polymers stay around in aqueous solution
 depends on a number of factors, all con-
tributing to determining how fast the
 polymer-breakup reaction, the hydrolysis,
 takes place. Catalysts can play an impor-
tant role in speeding up the process. For
 instance, in the human digestive system the protein that we eat is broken down into the respective amino acids with the
 assistance of enzymes that our bodies provide. An important characteristic of catalysts to keep in mind is that they work
 both ways. If a catalyst speeds up a reaction in one direction, it also speeds up the reaction in the reverse direction. This
 means that the catalyst cannot control the reaction direction but can only make a chemical system move faster toward
 its eventual outcome in a closed system—chemical equilibrium. So what determines the direction that the monomers
 ⇄
 polymer + HO reaction proceeds? The answer is a number of other factors.
 One of these is the relative concentrations of reactants versus products. High concentration of monomers favors the
 forward reaction, and vice versa. Another is the accessibility to water of the bonds linking together the monomers.
 Proteins tend to fold so that many of their peptide bonds are submerged inside the hydrophobic internal regions, not
 readily accessible to the water. DNA does not fold like a protein but instead occurs as a double-stranded helix. Its back-
bone is susceptible to hydrolysis, but the reaction tends to be slower when in the double strand and slower than that of
 RNA when in the single-strand form. DNA tends to remain comfortably in its double helix, relatively resistant to attack
 from water, awaiting its replication in a cell division or its transcription into RNA in the process of protein production.
 RNA, however, in the form of mRNA and tRNA is a much more active molecule compared to DNA. In these various func-
tions, it becomes more exposed to water than either DNA or protein, and in the process of carrying out these functions
 is susceptible to hydrolysis. In this sense, RNA molecules as a class are somewhat more fragile than proteins. To further
 complicate matters, the RNA monomers, the nucleotides, are also susceptible to hydrolysis, since their formation from
 phosphate, bases, and ribose involved HO as a product. Hence, to the difficulty of conceiving how RNA could have ap-
peared in a prebiotic setting, we must add the further problem of its tendency to be unstable in the presence of the
 liquid that is generally believed to be necessary for the existence of life—namely, HO. This issue is one that those who
 favor an RNA-first model must wrestle with. It is an issue that the metabolists, those who prefer a proteins-first model,
 raise as an argument in support of that approach.
  monomers 
 polymers + H2  O
 G
  (energy) 
 Figure ..   Free-energy diagram for formation of polymers from monomers.
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 mere messenger and transfer agent. This step is
 actually viewed as being less difficult since the
 source of DNA is RNA itself, the chemical modifi-
cation necessary being only the removal of one
 oxygen atom on the ribose to make deoxyribose
 and the replacement of uracil (U) by thymine (T).
 The RNA world remains a very popular ap-
proach but is not without its problems and chal-
lenges. In fact, Joyce and Orgel described the
 problems associated with their dream as the
 “nightmare.” These authors have been candid in
 their assessment of the seriousness of the problems
 confronting the RNA world. One serious issue in-
volves the synthesis of the monomers, as noted
 above, but there are other unsolved problems
 further along as well in template synthesis, both
 uncatalyzed and RNA catalyzed. Included among
 these difficulties is the relative instability of the
 RNA molecule itself. Not only is it difficult to syn-
thesize in the absence of protein catalysts, it is not
 very stable thermally and is subject to hydrolysis
 (decomposition by reaction with water—see
 “Going Further: Hydrolysis” for more detail).
 As usual, controversial issues of the sort de-
scribed above provide ample opportunity for
 debate about the hypothesis's merits   and   oppor-
tunity for further research as well. Most theorists
 are willing to try to resolve these issues along con-
ventional lines, but some have suggested more ex-
treme approaches. These include resorting to a
 solvent other than water for the initial steps in the
 dream to avoid the problem of hydrolysis. Another
 alternative involves postulating a pre-RNA polymer
 involving a sugar other than ribose to avoid some
 of the synthesis problems, which, of course, adds
 the complication of the addition of another step in
 the process that would involve an RNA takeover
 from the pre-RNA polymer. These alternatives lie
 beyond the scope of our discussion.
 Finally, there is one other problematic aspect of
 an RNA-first approach that must be mentioned. For
 RNA molecules to come into existence and to con-
tinue to replicate, there would need to be an energy
 source, since these processes proceed uphill in a
 thermodynamic sense (§ .). In response to this
 issue, some have argued for a prior metabolic system
 that predated the introduction of an RNA world.
 22.2.   PROPOSAL OF A
  PROTOMETABOLISM 
 Some of the more ardent supporters of the RNA
 world subscribe to the original hypothesis that life
 initiated with RNA, with RNA molecules per-
forming all the chemical reactions necessary for
 the first cellular structures. They believe that meta-
bolic processes as well as self-replicative processes
 were performed in what might be called an “RNA-
only world.” Christian de Duve, who provided us
 with our basic definition of life (§ .), accepted
 the fundamental proposition of the RNA world
 that RNA preceded DNA and that the occurrence
 of RNA molecules capable of replication was
 crucial in the progression toward life. Nevertheless,
 de Duve, who died in , called into question the
 RNA-only position. Instead, de Duve argued that
 prior to the initiation of the RNA world there
 needed to be the development of what he termed a
  protometabolism. 
 De Duve believed that the appearance of a self-
replicating RNA molecule in a primordial soup as
 a flick of chance would be a virtual miracle. He
 pointed to the extreme difficulty of synthesizing a
 molecule as complex as RNA via prebiotic chem-
istry. RNA obviously could not have catalyzed its
 own generation, so he reasoned that generating
 RNA needed assistance. Moreover, for RNA to con-
tinue to survive and undergo evolution, he argued
 that it would need a support system providing it
 with energy and catalytic assistance as well. He ad-
mitted that RNA's catalytic activity is important but
 doubted that it was sufficient to sustain its own
 existence in the primordial medium. De Duve
 4
 See, for example, Christian de Duve,   Life Evolving: Molecules,
 Mind and Meaning   (Oxford: Oxford University Press, ).
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 argued for an abiogenesis that is chemically deter-
mined and therefore sought an alternative expla-
nation rooted in chemistry. He preferred to think
 that the clues for understanding the chemistry that
 may have led to the appearance and sustenance of
 RNA, the protometabolism, lie in the metabolism
 that the RNA world gave rise to—the metabolism
 of life as we know it today.
 ... A genetic-metabolic link.   De Duve pointed to a
 clear chemical link between biological energy and
 biological information as one of the strongest clues
 to relate modern metabolism to protometabolism.
 To understand the significance of this link we need
 to review some of the essentials of energy metab-
olism in modern biochemistry. Life is maintained
 in its high-energy state (far from equilibrium—
 §
 .) by various energy sources depending on the
 organism, including light (photosynthesis) and
 various chemical sources, both organic and inor-
ganic. In many cases, the metabolic processes give
 rise to large energy changes that would be lost as
 heat were it not stored in some dispensable form.
 The form of energy storage in essentially all of
 current life is a molecule, adenosine triphosphate,
 or ATP for short (see “Going Further: Redox Re-
actions, Metabolism, and Chemiosmosis” for more
 information). It is more than coincidence, de Duve
 claimed, that ATP minus two phosphates is AMP,
 adenosine monophosphate, which is one of the
 four nucleotides that are a part of RNA. In fact, as
 shown in section ., the triphosphate can be the
 activated reactant in forming the RNA polymer
 with the release of the diphosphate. Furthermore,
 guanosine triphosphate (GTP), cytidine triphos-
phate (CTP), and uridine triphosphate (UTP) also
 function metabolically in a manner similar to ATP,
 just to a lesser extent. The monophosphate deriva-
tives of these three, GMP, CMP, and UMP, are the
 other three nucleotides that along with AMP are
 the monomers in RNA. Thus the same biomo-
lecular structures are involved in both metabolism
 and   the fundamental information-storage mol-
ecule, a tantalizing example of creation's order and
 functional integrity (§ ..).
 De Duve argued that this link between energy
 metabolism and biological information goes back
 to the very origin of the processes of energy me-
tabolism and biological information at the be-
ginning of life. Thus we are confronted with a
 choice analogous to the chicken-versus-egg alter-
native—which came first, energy or information?
 In other words, did ATP, CTP, GTP, and UTP as the
 energy-storage molecules arise from their mono-
phosphates' participation in RNA, or did RNA
 arise as a result of the triphosphates' involvement
 in a protometabolism? De Duve argued that it is
 less difficult to arrive at the triphosphates via pro-
tometabolism (hence, also the monophosphates)
 than to obtain RNA miraculously from the pri-
mordial soup as the first information-containing
 molecule. Therefore, he chose energy first.
 Although de Duve provided important argu-
ments for the necessity of a protometabolism, he
 admitted that description of specific chemical
 pathways for it remains virtually impossible at the
 present time. Solid knowledge is essentially nonex-
istent because, as we have repeatedly noted, any
 residual evidence of a direct nature for prebiotic
 chemistry disappeared long ago. Chemistry oc-
curring in the aqueous medium of the primordial
 Earth was not preserved in any geological record.
 Nevertheless, de Duve did make an attempt at pos-
 tulating some possibilities. 
 ... How to generate a protometabolism.   To gen-
erate a protometabolism, two things are needed—
 an energy source and catalysts to make reactions
 occur at a reasonable pace. We will consider the
 catalyst question first. De Duve retained the
 Oparin-Haldane notion of a primordial soup. He
 recognized that regardless of the soup's source,
 whether endogenous, through Miller-Urey-type
 syntheses, or exogenous, through comets/meteors,
 it would be a complex mixture—what he called a
 gemisch   (German for mixture). Included in this
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 mix would be various amino acids, both standard
 and nonstandard, as well as similar molecules such
 as the hydroxyacids in which -OH has replaced the
 -NH of the amino acid. He postulated the like-
lihood of the formation of short polymeric mole-
cules that would contain mostly amino acids but
 with some of the other types included. He called
 these polymers   multimers. Among these mul-
timers, de Duve proposed that primitive catalysts
 would occur that prefigured the proteins of today
 and provided the chemical pathways leading to the
 appearance of nucleotides and eventually RNA. He
 admitted that this proposal (like most others) has
 not been tested experimentally, and not being en-
gaged in chemical experimentation at the end of
 his career, he invited others to test his hypotheses.
 As the energy source to drive multimer for-
mation, de Duve proposed a type of molecule that
 also figures in modern metabolism. The molecular
 type is known as a   thioester. The prefix   thio   always
 means inclusion of S in place of O. He reasoned
 that the prebiotic world would have had consid-
erable volcanic activity, with a significant amount
 of sulfur in its chemistry. When thiols (RSH), the
 sulfurous equivalents of alcohols, react with acids
 (RCOOH), a thioester results, with water again
  being a product: 
 where R and R'   can be various things.
 Thioesters can function as energy sources in a
 manner analogous to the way triphosphates do in
 metabolism today. De Duve proposed that they
 served as the energy currency prior to ATP and
 provided the energy required for multimer for-
mation. His proposal departs from a pure RNA
 world approach by requiring the development of a
 pre–RNA world protometabolism or mutual ca-
talysis. We turn next to a proposal that represents
 a full-fledged departure from the RNA world's em-
phasis on the priority of the appearance of a repli-
cating genetic system as the key step in life's origin.
 Instead, it proposes that life started with the rela-
tively sudden emergence of a metabolic system.
  22.3. LIFE AS AN EMERGENT 
  PROPERTY OF A COLLECTIVELY 
  AUTOCATALYTIC SYSTEM 
 The various origin-of-life scenarios that we are
 considering in this text have one thing in common:
 they involve a sequential series of steps occurring
 over a period of time leading from a presumed set
 of starting materials and conditions, proceeding
 through intermediate stages, and ending in an
 entity that by one definition or another may be
 considered to be alive. There seems to be a widely
 accepted consensus that life's origin is a gradual
 process and that there is no clear boundary
 marking the separation between nonlife and life.
 An exception to this general pattern is represented
 in the proposal advanced by Stuart Kauffman, a
 theoretical biologist, whom we have already met
 briefly in section .. In his model, which he calls
 a collective autocatalytic sets (CAS) model, a non-
living system transitions relatively suddenly into a
 living one in a so-called phase transition.
 ... Essential features of an autocatalytic system.
 To understand the essence of Kauffman's proposal
 we need to first understand what is meant by au-
tocatalysis. First, consider the meaning of the
 word   catalysis. Any chemical reaction involves, by
 definition, a transfer of one or more atoms or
 groups of atoms from an initial location on the
 reactants to a different location on the products.
 These transfers usually require both bond breaking
 and bond forming to be part of the reaction
 process. For the transfer(s) to occur, the reactants
 have to collide with one another, and during the
 collision the bond-breaking/bond-forming pro-
cesses need to take place for the reaction to
 succeed. In most instances, the likelihood of
 everything working out right is rather small. This
 means that for most reactions only a small fraction
 of collisions is successful in producing products.
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 The result is that the reactions occur at a relatively
 slow rate because very many collisions have to
 occur for a significant number of them to be suc-
cessful. A catalyst can be thought of as a kind of
 third-party helper that assists in the bond-
breaking/bond-forming processes to increase the
 fraction of collisions that result in products. In the
 process a catalyst speeds up the chemical reaction
 without itself being changed.
 Auto-   means “self ”; thus   autocatalysis   refers to
 reactions in which a product of a reaction causes
 an increase in the rate of the very reaction that pro-
duced it. In effect, the product helps other reac-
tants to come together to make molecules like
 itself. An example of a simple autocatalytic set is
 illustrated in figure .. A and B represent two 
 monomers capable of joining together in pairs
 forming dimers, represented as AA and BB.
 Suppose two As perform the difficult task of di-
merizing during a collision to produce an AA mol-
ecule, represented in the lower right portion of the
 figure. Suppose further that AA happens to have
 just the right structure to form a complex with two
 B molecules, as shown in the upper right corner.
 This makes it much easier for BB to form; thus AA
 catalyzes the formation of BB. In the next step, AA
 and BB part company, and we swing to the lower
 left portion of the diagram, where a similar
 complex forms between BB and the two A
 monomers. This enables BB to serve as a catalyst
 for the formation of AA. After separation into AA
 and BB, each part of the cycle can repeat. Thus AA
 and BB serve as autocatalytic partners, speeding
 up the production of each other. All one needs to
 produce a lot of AA and BB is a continual supply of
 the feedstocks, A and B. An important example of
 autocatalysis in origin-of-life research occurred
 recently in the laboratory of Gerald Joyce.   It in-
volved two ribozymes that catalyzed each other's
 formation from four components, as in the general
 outline in figure .. 
 Kauffman reasons that a modern cell can be
 thought of as a complex network of biomolecules
 (proteins, nucleic acids, cofactors, etc.) engaged in
 autocatalysis. He draws interconnected diagrams
 such as figure .  to illustrate this idea. In this 
 picture the concentric ellipses represent monomers
 a and b and dimers aa and bb. Reactions are repre-
sented by curved lines that come together at the
 black dots (nodes). Thus a and b can join to form ab,
 which can in turn join with another ab to form baab
 or abab. Catalysis is represented by the dotted
 arrows between the catalysts and the reaction nodes
 that they catalyze. Since catalysts will make both
 forward and reverse reactions proceed faster, all of
 the reactions can occur rapidly in either direction.
 Kauffman argues that once a system engaged in
 the sort of interconnected catalytic cycles repre-
sented in the diagram reaches a specific level of
 complexity, it suddenly passes through a   phase
 transition. This is a term that invokes the image of
 a sudden change from one phase to another such
 as the formation of solid crystals from a supersatu-
rated solution (or the transition from liquid water
 to ice). Thus he identifies life as an emergent
 property of a sufficiently complex assemblage of
 autocatalytic molecular units. In his own words
 from his seminal work on the subject:
 As the complexity of a collection of polymer
 catalysts increases, a critical complexity
 threshold is reached. Beyond this threshold, the
 probability that a subsystem of polymers exists
 in which formation of each member is catalyzed
 5
 Tracey A. Lincoln and Gerald F. Joyce, “Self-Sustained Replica-
tion of an RNA Enzyme,”   Science    (): -.
 +
 +
  BB 
  AA 
  AA•BB 
  B•B•AA 
  A•A•BB 
 Figure ..   Auto- or cross-catalysis. AA and BB catalyze each other's formation.
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 by other members of the subsystem
 becomes very high. Such sets of
 polymers are autocatalytic and re-
produce collectively. Thus the new
 view I shall propose is disarmingly
 simple. Life is an expected, collec-
tively self-organized property of
  catalytic polymers. 
 For life to originate in Kauffman's
 model, a rich primordial soup would
 definitely be required. This would
 be necessary not only to provide
 feedstock for the formation of the
 autocatalytic polymers but also to
 provide “food” for the survival of
 the protolife once it had formed. The
 polymers could be just polypeptides,
 as in Kauffman's earliest proposals
 of the model. Later, when RNA ca-
talysis became a viable option, he
 incorporated ribozymes into his theory. Notice
 that Kauffman's approach does not require any-
thing other than creation's functional integrity.
 Even so, if a rich enough soup is available, several
 other questions needed to be addressed.
 ... Some lingering questions for CAS.   First, there is
 the question of energy. We have previously noted
 that the polymerization processes for both poly-
peptides and nucleic acids are uphill processes,
 requiring energy. Kauffman suggests two ways that
 longer polymers could form from shorter ones,
 which is necessary for the complexity of the system
 to increase. We have seen both of them before. One
 is through the removal of water, which is a product
 of polymerization, via dehydration in wet-dry
 cycles. The other is through coupling of energy-
producing reactions to the energy-requiring reac-
tions with the expectation that those systems that
 achieved such coupling with a net energy surplus
 would have a survival advantage.
 6
 Stuart A. Kauffman,   The Origins of Order
  (Oxford: Oxford Uni- 
versity Press, ), .
 A second question involves replication and the
 possibility of evolutionary change. Kauffman's pro-
posal of a sudden emergence of an autocatalytic
 metabolic system for life's origin (his CAS) was
 proposed in sharp distinction to the RNA world's
 self-replicating genetic origin. But for the CAS pro-
posal to be viable, it has to address replication and
 evolutionary development, as does any origin-of-
life proposal that argues for metabolism before
 genetics. Kauffman's answer is that the information
 of the CAS life form is invested in the particular
 group of components making up CAS rather than
 in an RNA genome, and that evolutionary drift in
 the composition of these components can occur in
 the CAS in response to the changing environment,
 specifically the variation in the food sets supplied
 that keep it alive.
 ... The significance of autocatalysis for life's origin.
 All of the above is highly theoretical, and there has
 been only limited experimentation to demonstrate
 how interconnected autocatalytic cycles could
 gradually arise and reach the threshold leading to
 the phase transition required for life's appearance
  aabaabbb 
  aabaab 
  aaaabaa 
  aabaa 
  baabab 
  baabb 
  baabbbab 
 abab
 baab
  baaa 
 aa
 aaba
  baa 
  ba 
  bab 
  babb 
 abb
 ab
 a
 b
 bb
 Figure ..   Multiple auto-catalysis in a hypothetical cell-like system.
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 in CAS. Meanwhile, the idea that autocatalysis is a
 key factor in life's origin has been championed in
 recent years by Israeli chemist Addy Pross.
 According to Pross the quest for understanding
 life's origin lies in understanding the nature of life
 itself. He proposes that the property of life that dis-
tinguishes it from inanimate matter is its ability to
 undergo autocatalytic replication. Autocatalysis is
 extraordinarily more effective at replication than or-
dinary catalysis in that it results in exponential
 growth as opposed to a merely linear increase. He
 illustrates this difference vividly by recounting the
 legend of the Chinese emperor saved in battle by a
 peasant who offered the peasant the chance to re-
quest a reward. The peasant responded by asking for
 a quantity of rice to be supplied to him according to
 a simple formula. He took a chessboard and asked
 that the first day one grain of rice be placed in the
 first square, the second day two grains in the next
 square, and each successive day twice as many grains
 in the next square as on the previous day. The em-
peror was happy to oblige, surprised that the peasant
 asked for so little, but he failed to realize that the total
 number of grains placed on the board would equal
   –  or about ,,,,,, grains.
 This represents exponential growth as experienced
 by autocatalytic systems versus linear growth (
 grain per square, or a total of ) as experienced by
  ordinary catalysis. 
 The transition from inanimate matter to living
 matter, Pross believes, was achieved by means of
 the extraordinary rapidity of autocatalytic pro-
cesses. Rather than a relatively sudden arrival at a
 threshold (à la Kauffman), Pross views the
 movement toward life as involving a gradual pro-
gression achieved through a series of steps, each
 made possible through what he calls   dynamic ki-
netic stability, a consequence of autocatalysis. By
 this means the progression toward life can be
 viewed as a gradual movement up the free energy
 7
 For a popular introduction to Pross's ideas, see Addy Pross,
 What Is Life?   (Oxford: Oxford University Press, ).
 hill to a state far from equilibrium (see § .). Thus
 the dynamic kinetic stability achieved at progres-
sively higher energy is contrasted with the thermo-
dynamic stability of the equilibrium state at the
 bottom of the free energy hill. Pross argues that this
 principle of self-replication via autocatalysis has
 characterized life throughout its existence. Through
 the capacity for change through mutation, life has
 diversified via evolution. The fastest self-replicators
 survive in changing environments all the way from
 the molecular level at life's origin to the most
  complex multicellular organisms. 
 By his own claim, Pross's work represents an at-
tempt to bridge the gap between chemistry and
 biology. In a sense all of origin-of-life science can
 be thought of as a quest for understanding how this
 transition occurred in the beginning. In the opinion
 of some origin-of-life researchers, the most signif-
icant step in this transition involved the origi-
nation of the cell. We turn next to a consideration
  of their views. 
  22.4. FORMING CELLULAR LIFE: 
  COMPARTMENTALIZATION 
 To this point our focus has been mainly on the nec-
essary chemistry to prepare for the beginning of
 life. In the opinion of some researchers, the tran-
sition from a purely chemical story to a biological
 one, to the origination of an entity that resembles
 something that could legitimately be said to be
 alive, requires the formation of a cell, arguably the
 fundamental unit of biology.
 Hence for some origin-of-life scientists (whom
 for lack of a better term we will call “compartmen-
talists”), the critical step in the origin of life oc-
curred when the first functional cell came into
 existence. This contrasts with the focus of others
 who have centered their attention on molecular
 self-replication or the origin of metabolism. Fun-
damentally, there is no contradiction between the
 compartmentalists and these other points of view,
 merely a difference in emphasis. However, the
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 avoidance of a focus on cell formation, or what
 may be called compartmentalization, may lead, ac-
cording to the compartmentalists, to a failure to
 understand some fundamentally important as-
pects of the life-origination process.
 ... The importance of cell formation.   Cellular
 structures are universal in biology. Every system
 that is viewed as truly living in our world possesses
 a cellular configuration. In the simplest terms, a
 cell may be thought of as requiring just two funda-
mental parts: the functional chemical components
 inside the cell and the outer membrane that encap-
sulates the stuff inside. Much of what we have dis-
cussed to this point has involved the interior com-
ponents, but it is time now to turn to a closer
 consideration of the membrane and the important
 question of how the encapsulation may have oc-
curred. But before addressing these issues, we
 should pause to ask why compartmentalists
 contend that encapsulation is critical.
 In simple terms, the formation of a cell as a
 starting point for life is viewed as necessary be-
cause of the problem of diffusion.   Diffusion   refers
 to the tendency of molecules in solution to wander
 off in all directions. Unlike people, who tend to
 cluster in communities, there is no natural ten-
dency for molecules in solution to stay together.
 But for chemical reactions to occur, the reacting
 components have to come together to react. This is
 true regardless of the processes chosen as the
 critical life starters. Whether you are Kauffman,
 proposing polypeptides engaged in autocatalysis,
 or Orgel and Joyce, who suggest that ribozymes
 interacted with one another and activated nucleo-
tides in the process of self-replication, you need a
 boundary to prevent the reactants from wandering
 away—you need a cell to form.
 There is a second reason that compartmental-
ization is important for life's beginning, according
 to many origin-of-life scientists. This reason re-
lates to the inclusion in the definition of life of an
 evolutionary component. Recall from our initial
 discussion about defining life that one important
 aspect of life's beginning should involve the ca-
pacity to develop (§ .). The initial forms of life
 needed to possess the capacity to undergo change,
 to evolve. Inherent in this evolutionary idea is
 change in subsequent generations occurring
 through modification of the molecules carrying
 the genetic information. Such a process requires
 that those genes, the genetic information carrying
 molecules, be associated with a specific living
 entity—they need to be encapsulated.
 ... The protocell membrane.   The term   protocell   is
 often used to distinguish the first entity that might
 be considered living from even the simplest con-
temporary cell. A big part of the challenge for
 origin-of-life scientists is to define what that pro-
tocell might have been like. The first question we
 need to address is, What was the nature of the
  protocell membrane? 
 All modern cells, including everything from the
 single-celled organisms, such as archaea and bac-
teria, up through the cells that make up our bodies,
 possess a cell membrane. Most prokaryotes, such
 as bacteria, also have a cell wall outside the mem-
brane for added protection and stability. It is gen-
erally agreed among origin-of-life scientists that
 the protocell would likely have possessed only the
 membrane and not a wall as well. We have already
 seen in section . that the cell membrane in all
 of contemporary life is composed in part of mole-
cules known as amphiphilic lipids. Before we
 discuss how membranes might have come into
 existence, we need to review a bit about what we
 learned about these molecules and the membranes
  they form. 
 Recall that amphiphilic lipids come in a variety
 of versions. The ones that occur in contemporary
 cells are known as phospholipids.   Phospho-   means
 that phosphate is part of the structure. The phos-
phate is attached to a molecule known as glycerol.
 The glycerol has two additional points of attachment,
 and these are occupied by long chains known as
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 fatty acids. As discussed in section . and in more
 detail in “Going Further: Amphiphilic Lipids,” the
 attachment of the fatty acids and the phosphate to
 the glycerol is challenging because it requires
 energy and produces water. However, origin-of-life
 scientists, most prominently Jack Szostak of
 Harvard, have shown that the fatty acids themselves
 can function in a manner similar to the phospho-
lipids. The fatty acids in the right aqueous envi-
ronment (their behavior does depend on pH) will
 form cell-like vesicles, as represented in figure .. 
 The heads of the fatty acids are sufficiently hydro-
philic to allow them to function as amphiphilic
 lipids in membrane formation.   Thus the fatty acids
 can form vesicles composed of bilipid membranes,
 with the hydrophilic heads of the fatty acids facing
 the aqueous interior and the aqueous exterior,
 while the hydrophobic tails point in the opposite
 direction, toward the interior of the membrane.
 Because they are simpler and easier to attain in
 a primordial soup, origin-of-life scientists have
 proposed that fatty acids composed the mem-
branes of the protocell. However, ease of access is
 not the only reason that fatty acids are preferred
 over phospholipids for protocell formation. Con-
temporary cell membranes composed of phospho-
lipids are quite impervious to ions (atoms or mol-
ecules that carry a charge) and to large molecules
 (e.g., nucleotides). Passage of substances such as
 these in and out of contemporary cells is enabled
 and controlled by protein molecules that are em-
bedded in the cell membrane (fig. .). 
 It is generally thought that the protocell in its
 initial formation is not likely to have had available
 proteins that could have embedded in the mem-
brane in this manner. The contemporary cell's
 embedded proteins appear to be highly spe-
cialized and are believed to be a later addition.
 8
 Some of the fatty-acid heads carry a negative charge at the pH
 required for them to form the bilipid layers. The charge makes
 them more hydrophilic and enables them to connect to adjoin-
ing heads as well. If the pH is adjusted to a higher acidity level,
 the charge is lost, and membrane formation does not occur.
 Therefore, it is usually argued that the first proto-
cells formed would have been composed of only
  the amphiphilic lipids. 
 If the protocell membrane lacked proteins, the
 question of permeability arises, since it is im-
portant that molecules be able to move into and
 out of the cell. Otherwise the protocell would not
 have had access to the material in the primordial
 soup that it needed for survival and development.
 It turns out that contemporary cell membranes,
 composed as they are of phospholipids, are much
 less permeable than vesicles formed of simply fatty
 acids. Hence, a protocell with a bilipid membrane
 made up of fatty acids would have been sufficiently
 leaky to allow the passage of important materials
 from the primordial soup outside into the interior
 and would not have needed embedded proteins.
 For the postulated construction of a primitive cell,
 therefore, fatty acids and similar simple amphi-
philes are preferred by origin-of-life scientists over
 the more complex phospholipids of the contem-
porary cell. The phospholipid membranes with
 their embedded proteins are superior in other re-
spects, including their more robust nature and
 greater versatility, but they are viewed as a later
 addition in the evolutionary development of life.
 ... Proposals for the mechanism of protocell for-
mation.   Assuming the availability of fatty acids
 and similar simple amphiphiles, the next ques-
tions involve how vesicles might form with the
 right stuff inside and what that right stuff might
  Water 
  embedded protein 
  Water 
 Figure ..   Lipid bilayer showing embedded protein.
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 be. RNA world adherents would argue that RNA
 molecules be included in the mix. In addition,
 many would join with de Duve in arguing for the
 presence of polypeptides and similar molecules
 that might be able to provide some catalytic as-
sistance in getting the desired life-initiating
 chemical processes to proceed. Essentially we are
 asking what needs to be in the primordial soup to
 allow life to start. Let's assume that de Duve's in-
completely defined   gemisch   including all of the
 above is needed and is present in the primordial
 soup along with the amphiphiles.
 Amphiphilic molecules are known to spontane-
ously form cell-like vesicles when their concen-
tration in solution rises above a critical level. Some
 researchers have suggested that such self-
generated cell formation could have occurred in a
 pool of the primordial soup where the amphiphilic
 molecule concentration was high enough. As the
 vesicles formed, they would have captured the
 other molecules in the   gemisch.
 About a decade ago, Szostak's laboratory sur-
prisingly discovered that vesicle formation could
 be catalyzed by a mineral surface.   Even more in-
teresting was that the type of mineral that provided
 the catalytic effect was the very same clay that pro-
moted the formation of long chains of RNA in the
 research of James Ferris (§ .), tantalizing ex-
amples of creation's functional integrity (§ ..).
 Moreover, it was shown that when vesicles form on
 the clay surfaces, small clay particles break away
 and are captured with the other soup components
 inside the vesicles as they form. This phenomenon
 provides the intriguing possibility that the vesicles
 that form could become the protocell in an RNA
 world–type process involving clay-catalyzed for-
mation of RNA. If the RNA molecules formed have
 the capacity for self-replication as described in the
 theorist's “dream” of section .., then perhaps
 9
 Martin M. Hanczye, Shelly M. Fujikawa, and Jack W. Szostak,
 “Experimental Models of Primitive Cellular Compartments: En-
capsulation, Growth, and Division,”   Science    (): -.
 the vesicle might be considered living and could be
 identified as a protocell. If this is the way it hap-
pened, it also provides an intriguing example of
 the ministerial nature of creation (§ ..).
 What is the likelihood of RNAs formed in this
 way having self-replication capability and giving
 rise to a protocell? Nobody knows a precise answer
 to that question. Nevertheless, it seems likely that
 the probability of an RNA self-replicator forming
 may be minuscule. The specific arrangements of
 nucleotides in an RNA chain that enable it to
 function as a self-replicator are totally unknown.
 We have already noted in our discussion of the
 RNA world the struggle that researchers have faced
 in producing an RNA self-replicator. Based on such
 considerations, it appears that they may be very
 rare, meaning that their likelihood of forming is
 very low. If this probability is extremely small, it is
 argued that there would have had to have been a
 very large number of trials for successful pro-
duction of a protocell to occur.
 David Deamer, a veteran origin-of-life re-
searcher at the University of California at Santa
 Cruz, has suggested a scenario that involves an
 enormous number of attempts at protocell for-
mation occurring on a primitive Earth. In his book
 First Life: Discovering the Connections Between
 Stars, Cells, and How Life Began, he describes his
 proposal.   Deamer proposes that life began in a
 freshwater environment near a volcano. He prefers
 fresh water to the salt water of the oceans because
 he argues that the high concentration of ions from
 the salt in ocean water would have interfered with
 many important life-starting reactions. He
 chooses a volcanic environment to provide energy
 in the form of heat. Deamer argues that to form
 the desired polymers necessary for life, both poly-
peptides and nucleic acids, the byproduct water
 needs to be removed (recall our discussion of this
  10 
  David Deamer, 
 First Life: Discovering the Connections Between
 Stars, Cells, and How Life Began   (Berkeley: University of Cali-
 fornia Press, ). 
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 necessity in § .). The removal of water to en-
courage polymer formation can be achieved
 through a drying process, with the heat energy to
 drive this process coming from the volcano.
 For vesicles to form, the amphiphilic molecules
 need to be in aqueous solution. Deamer envisions
 repeated wetting-drying cycles to allow both ves-
icles and polymers to form. The wetting could
 come from the eruption of geysers that are
 common in the neighborhood of geothermally
 active regions around volcanoes such as in Yellow-
stone National Park. During the drying part of the
 cycle polymer formation would occur, and during
 the wetting part vesicle formation would take place.
 He envisions cycles such as this occurring in nu-
merous places around the globe, wherever volcanic
 environments were present. The result would be
 vast numbers of repeated vesicle formations, each
 one with a different set of encapsulated mixtures
 of polymeric material (polypeptides, nucleic acids,
 etc.). He reasons that these huge numbers of dif-
ferent vesicles would have represented an
 enormous number of experimental attempts at
 protocell formation. Thus even if the likelihood of
 a life-producing mixture occurring is minuscule, if
 there are enough trials, the possibilities for success,
 he reasons, are greatly improved.
 Deamer has attempted simulations to test his
 hypotheses both in the laboratory and in natural
 volcanic settings. As he describes it, the labo-
ratory experiments have been somewhat more
 extensive and more successful. In these experi-
ments he has demonstrated that when the
 monomers of RNA are mixed with lipid vesicles
 in acidic water and warmed to eighty degrees
 Celsius while drying using a stream of CO, some
 RNA-like polymers are formed, ranging from
 twenty up to one hundred units long. Lipid ves-
icles reform with the RNA-like polymers inside
 when water is added back in.
 While this is an impressive result and provides
 support for his original hypothesis, he is careful to
 add a qualifying comment. Deamer notes that the
 polymers formed are linked in both the desired
 ʹ-to-ʹ   and the undesired ʹ-to-ʹ   manner. This
 mixture of bonds might make it difficult for these
 polymers to fold into ribozyme-like catalytic struc-
tures. One possible approach to encourage the de-
sired linkage might be to introduce mineral catalysis
 by including clay particles in the mix. Meanwhile
 research continues, and he remains optimistic that
 through continued efforts at simulations of prebiotic
 conditions on Earth, origin-of-life science will dis-
cover how life emerged from the primordial soup
 through the formation of the first protocells.
 As we have seen in other instances, not
 everyone is ready to join in the optimism of a
 particular origin-of-life scientist. There are other
 proposals that provide a sharp contrast to the
 proposals recounted thus far. For instance, to
 this point all of our scenarios have assumed the
 existence of a primordial soup. We turn now to a
 consideration of alternative views that do not
  involve soup. 
  22.5. OTHER METABOLIST 
  ALTERNATIVES: DEPARTING 
  FROM OPARIN-HALDANE 
 Not all origin-of-life scientists have accepted the
 RNA world hypothesis. For instance, among the
 models already discussed, Kauffman's CAS model
 distinguishes itself in this regard. He viewed his
 model as a distinct alternative to the RNA-first ap-
proach. Most of those who would side with
 Kauffman would be classified in the other major
 group—the   metabolists, the alternative to the   ge-
neticists   of the RNA world. Recall that metabolism
 involves the chemical means by which organisms
 use energy/matter in their environment to carry
 out life-sustaining processes, and today it involves
 almost exclusively protein catalysis—hence the
 protein preference, chicken chosen over egg. At
 first glance this looks like a simple choice of one
 chemical option over another, but in fact the
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 division goes somewhat deeper. For some origin-
of-life researchers, the selection of the chicken al-
ternative represents more than a mere preference
 of protein over nucleic acid but is a departure from
 the original Oparin-Haldane hypothesis as well.
 ... A top-down approach: The last universal common
 ancestor.   RNA world theorists have followed what
 is in essence a bottom-up approach. The logic of
 this approach is implicit in the Oparin-Haldane
 hypothesis, with which the RNA world is con-
sistent. The research tests the feasibility of the
 origin of the polymer ingredients and synthesis of
 polymers to arrive at a primordial soup in an ocean
 or tidal pool from which springs the first living
 entity—in the RNA world, an RNA self-replicator.
 The RNA world hypothesis in its purest form is
 so far removed from life as we know it today that
 there is little incentive for RNA world scientists to
 investigate what the specifics of current life's bio-
chemistry might tell us about early life forms. In
 fact, some RNA world theorists have been very
 explicit in arguing that whatever metabolism ex-
isted when life got started, it would bear little or no
 resemblance to metabolism today. Their reasoning
 is based on the fact that modern metabolism in-
volves almost exclusively protein catalysis, and in
 their view there were no proteins in the beginning
 of an RNA world, hence its metabolism could have
 been and likely would have been completely dif-
ferent from the modern form. (As we have already
 seen in the example of de Duve, not all scientists
 who adhere to RNA priority would go this far.)
 A top-down approach, in contrast, would inves-
tigate simple current life forms to try to under-
stand how life may have started. Metabolists are
 among those who would take this approach and
 thereby would depart sharply from those in the
 RNA-first or RNA-only camps, who prefer a
 bottom-up approach. Metabolists believe that pro-
teins have been involved from the beginning, and
 therefore one might have good reason to expect,
 similar to de Duve, continuity in the pattern of me-
tabolism.   The specifics might vary in the modern
 instance compared to the primordial form, but the
 fundamental chemistry and the basic outlines of
 the protein catalysis could be expected to be
 similar. The idea is that by looking at contem-
porary organisms that appear to have the most
 ancient genomes, something can be learned about
 how their ancestors functioned metabolically. The
 ultimate goal is to attempt to understand the ge-
netic and biochemical nature of the organism from
 which all other terrestrial life arose—the so-called
 last universal common ancestor, or LUCA (fig. 
  .). In achieving that goal, it is hoped that clues 
 might be found that would improve our under-
standing of how it all got started.
 ... A proposed autotrophic beginning for life.   For
 many metabolists, the departure from the bottom-
up Oparin-Haldane-inspired approach also in-
volves a fundamental shift in the response to the
 question about how initial life forms sustained
 themselves. Recall that de Duve's definition of life,
  11 
 De Duve actually draws a distinction between polypeptides and
 proteins, reserving the latter term for those polymers formed
 by translation from RNA. Thus polymers of amino acids prior
 to the RNA world would be called polypeptides, since by his
 definition proteins could not exist before the RNA world.
  BACTERIA 
  ARCHAEA 
  EUKARYA 
  LUCA 
 ?
 ?
 ?
 ?
  Origin of 
  Life 
 Figure ..   The “tree” of life, LUCA, and the origin of life.
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 which we adopted in section ., includes the re-
quirement of a sustaining matter/energy source. In
 the Oparin-Haldane approach, the source of energy
 and material once life gets going is the primordial
 soup from which it arose. This means the initial
 version of life would have had to eat (absorb from
 the surroundings the organic material needed to
 sustain itself). Organisms that engage in this form
 of eating are known as   heterotrophs, from Greek
 hetero, meaning “other,” and   trophe, meaning
 “nourishment.” They include much of life as we
 know it today, including, of course, humans.
 Many metabolists take a completely different
 tack. They argue that life began from the very start
 by obtaining its matter and energy from the inor-
ganic world surrounding it, not from a primordial
 soup. In fact, some of these theorists would call
 into question the existence of the soup. The initial
 life forms, they would argue, made the needed or-
ganic material from scratch using the inorganic
 molecules in their environment, and they supplied
 their ongoing energy needs from the surrounding
 inorganic world as well.
 Organisms that do this are alive today and are
 referred to as   autotrophs, in which   auto, from
 Greek   autos, meaning “self,” has replaced   hetero.
 Many of the modern forms of life in this category
 carry out photosynthesis and are therefore called
 photoautotrophs. They eat CO  and use light energy
 to incorporate it into organic molecules they need
 to live. However, photosynthesis is believed to be a
 much later development, not likely to have been
 present at the start of life. The kind of organism
 that interests metabolists more is the   chemoauto-
troph, organisms that use inorganic chemicals as
 their food and source of energy. It turns out that
 this type of organism is believed to be the most
 ancient, the most similar to the LUCA.
 ... Possible evidence from LUCA of a hyperthermo-
philic beginning for life.   So what was LUCA like?
 Scientific investigators attempting to answer that
 question have benefited increasingly in the last
 twenty years from the improved ability to de-
termine the genomes of organisms. The genome
 refers to the sequence of bases in the DNA. Tech-
niques similar to those used to determine the
 human genome, accomplished in , have been
 applied to a wide variety of organisms including
 numerous relatively primitive microbes over the
 last two decades. By comparing the sequences of
 these various organisms, evolutionary biologists
 have been able to construct so-called phylogenetic
 trees (chaps. -). These trees constitute an at- 
tempt to establish the ancestral relationships be-
tween the various contemporary organisms based
 on the observed variation in their DNA sequences.
 By comparing the genomes from all the various
 types of organisms, from the simplest bacteria
 through complex multicellular mammals, it is pos-
sible to make some generalizations about what
 LUCA might have been like. For instance, if a gene
 is found to be universally present in all organisms,
 it is reasonable to conclude that it was likely
 present in LUCA. Based on considerations such as
 this, LUCA is estimated to have possessed several
 hundred genes. Thus it was likely rather complex
 and, as the diagram in figure .  implies, perhaps 
 quite far removed from the beginning of life.
 In the view of some scientists, additional in-
formation about the conditions under which life
 arose can be derived from phylogenetic trees.
  Figure .  shows a schematic representation of 
 a tree reported about two decades ago.   Points
 along the lines represent different ancestral
 species, and those close together are more
 closely related to each other. The thickened lines
 on the tree represent species that are categorized
  as hyperthermophiles. 
  12 
 Current opinion would suggest that LUCA was not a single spe-
cies; there is evidential support for a lot of horizontal gene
 transfer among organisms (chap. ), which makes the phylo- 
genetic tree with vertical lineage somewhat problematic. LUCA
 should probably be thought of as a conglomerate of cells sharing
 a common gene pool.
  13 
 Karl O. Stetter, “Hyperthermophilic Procaryotes,”   Federation of
 European Microbiological Societies Microbiology Reviews   
  (): -. 
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 Hyperthermophiles, all of which are micro-
organisms, are species that thrive at very high tem-
peratures, above eighty degrees Celsius. The very
 high incidence of these heat-loving species at the
 deepest part of the tree suggested to some re-
searchers that LUCA was a hyperthermophile and
 that life began under very hot conditions. It must be
 noted that not everyone reached that conclusion.
 LUCA may well have been far removed in time and
 generations from the root leading to hyperthermo-
philic archaea and bacteria, and much could have
 transpired in that gap. For example, some have pos-
tulated that life started under much cooler condi-
tions and spread to regions over a broad temper-
ature range. During the Late Heavy Bombardment,
 organisms that could survive only under more
 moderate conditions might have been wiped out,
 with only the hyperthermophilic version surviving
 the last sterilizing event. Scientists who prefer a sce-
nario involving a cooler start for life would argue for
 this possibility. Finally, it must be noted that the
 exact nature of the tree developed from the genomic
 data depends on what piece of RNA or DNA you are
 using for the comparisons and specific assumptions
 in the analysis. Not all phylogenetic trees give the
 same answer. Nevertheless, the presence of ancient
 heat lovers so deep on many trees of life that have
 been generated is strongly suggestive to many that
 life had a very hot beginning.
 ... The FeS (iron-sulfur) world.   One metabolist
 who has argued strongly against the cool pri-
mordial soup and in favor of a hot chemoauto-
trophic beginning for life is German chemist and
 patent lawyer Günter Wächtershäuser. Over the
 last twenty-five years, Wächtershäuser has been
 gradually developing a detailed scenario for life's
 origin, assuming an aqueous environment near a
 volcano where there would have been an ample
 supply of the minerals that he views as crucial for
 life's start. He has particularly centered his at-
tention on the activity of iron sulfide, and for this
 reason his scenario is sometimes referred to as the
 iron-sulfur world or, in chemical symbolism, the
 FeS world, FeS being the formula of the simplest
 iron sulfide (Fe = iron, S = sulfur).
 Wächtershäuser believes that life got started
 geochemically as a series of chemical reactions oc-
curring on the mineral surfaces that formed as a
 result of volcanic emanations.   He has chosen to
 call the entity beginning life as a series of chemical
 reactions on the mineral surface the “pioneer or-
ganism.” The carbon sources proposed include all
 inorganics—CO, CO, and HCN. All would likely
 be available on a primordial Earth from volcanic
 gases in ample quantities. To incorporate the
 carbon atoms from these molecules into organic
 substances for initiating life, the carbon needs to
 undergo the chemical process known as reduction.
 We have seen that process before in the context of
 our discussion of redox reactions (§ .). This is
 the kind of reaction that drives most of the meta-
bolic processes in living systems today (see “Going
 Further: Redox Reactions, Metabolism, and
 Chemiosmosis” at the end of this chapter).
  14 
 Günter Wächtershäuser, “From Volcanic Origins of Chemoau-
totrophic Life to Bacteria, Archaea and Eukarya,”   Philosophical
 Transactions of the Royal Society B    (): -.
  Archaea 
  Eukarya 
  Bacteria 
 =
  Hyperthermophiles 
 Figure ..   Phylogenetic tree. Thick lines represent instances of
  hyperthermophiles. 
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 In Wächtershäuser's approach, the source of re-
ducing power and the energy to drive all of the
 processes required to get life started and keep it
 going is postulated to have come from chemical
 reactions, also redox in character, involving the
 various inorganic substances in the surroundings.
 Their supply would not be occasional but con-
tinuous, their source being the Earth itself via vol-
canic emanation. The extent and variety of reac-
tions that Wächtershäuser and his colleagues have
 proposed are too great to discuss in this context, so
 we will only sketch the bare outlines. One of the
 first proposed that helped give the theory its name
  is this reaction: 
 FeS + HS → FeS  + H  + Energy
 You may recall that H  is a very good reducing
 agent, so this reaction serves two purposes. It is a
 source of reducing power and runs downhill, pro-
ducing energy that can be used to drive other reac-
tions uphill. Furthermore, FeS and other like min-
erals can serve as catalytic surfaces for the desired
  reactions. 
 Life needs large biomolecules to function,
 which requires putting together the molecules
 available that contain just one carbon (CO, CO, or
 HCN) into the larger polymeric structures—the
 proteins, the lipids, and eventually the nucleic
 acids of the cell. In living systems today, this
 process is the part of metabolism known as   anab-
olism, and it is most commonly observed in green
 plants doing photosynthesis, converting CO  into
 sugars. Wächtershäuser proposes that his so-called
 pioneer organism got started making longer chains
 by incorporating CO or CO  by running the Krebs
 cycle backwards, a cycle of chemical reactions well
 known to most high school biology students.
 The Krebs cycle is the cyclic sequence of reac-
tions by which the simple sugars, fatty acids, and
 amino acids are oxidized with CO  and HO as the
 ultimate products released along with output of
 energy. This is the opposite of anabolism and is
 called   catabolism. Any cyclic series of reactions can
 just as well run in the reverse direction with op-
posite requirements and effects. Thus the reverse
 Krebs cycle (fig. .) uses CO and absorbs energy 
 anabolically in the process of building up carbon
 chains instead of breaking them down to produce
 energy. The important things to note are the
 changes in number of carbon atoms in the chain
 shown in figure .  and that running the cycle in 
 this direction is uphill in terms of energy. Notice
 that when the cycle splits at the top, the result is the
 production of two C  molecules from one C  via
 the addition of two COs. Thus each time around
 more carbons from CO  are added to make the C
 chains. By this means more CO  is inserted into the
  organic structures. 
 The sources of the energy required to drive the
 Krebs cycle in the reverse direction are the inor-
ganic redox reactions such as the iron sulfide/HS
 reaction shown above. Supporters of the iron-
sulfur world point to the occurrence of the re-
verse Krebs cycle in the biochemistry of some
 ancient lineage autotrophic organisms as sup-
portive evidence for this proposal. These micro-
organisms carry out essentially the same chemical
 changes that green plants accomplish via photo-
synthesis but use inorganic chemicals as their
 energy source rather than light. Finally, it should
 be noted that Wächtershäuser and his colleagues
 recognized that a cycle as complex as the reverse
 Krebs cycle would be a rather challenging accom-
plishment for a fledgling pioneer organism, so
 they have suggested some simplifications that
 would lead to a simpler cycle that could serve as
 a forerunner. 
 Like all scenarios proposed to this point, the
 iron-sulfur world has attracted as many critics as
  15 
 In case you are wondering how the C  molecular fragment (the
 acetyl in acetyl-CoA) gets into the cycle in the iron-sulfur
 world, the following reactions are proposed for the production
 of a C  fragment from C  molecules:
 CO  +  FeS +  HS → CHSH +  FeS  + HO (reduction of
  CO by FeS) 
  CHSH + CO → CHCO-SCH  + HS (CHCO is the acetyl
  C fragment) 
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 supporters. Its successes have oc-
curred mainly in the experimental
 demonstrations that some of the
 reactions proposed will occur in
 the laboratory under reasonably
 prebiotic conditions. Its critics
 would argue that its greatest
 weakness is in the lack of specificity
 about how replication can take
 place from one generation of the
 pioneer organism to the next.
 Lacking any specification of mo-
lecular structure analogous to the
 information content in protein or
 nucleic acids, it is difficult to con-
ceive how a pioneer organism
  could be replicated. 
 In the case of the iron-sulfur
 world, the problem of replication
 takes on an additional dimension
 (or lack of one) since the pioneer
 organism is postulated to be, at least
 initially, two dimensional. In other
 words, it is not fully encapsulated. The pioneer or-
ganism starts out as a patch of reacting inorganic
 substances on a mineral surface and grows up to be
 eventually a patch covered by a lipid bilayer, but it
 is a long way—one whole dimension, to be exact—
 from being a three-dimensional cell. That does not
 arise until much later in the iron-sulfur story.
 Hence, replication via the current scheme of cell
 division cannot have started early, since there were
 no cells as such.
 In recent years, another alternative has ap-
peared that differs significantly from the RNA
 compartmentalization story. It involves a geo-
chemical proposal with similarities to Wächter-
shäuser's but with some interesting differences.
 The most obvious difference is that it moves life's
 origin inside the rocks instead of its location on
 their surface in the FeS world. The initial versions
 of life in this scenario are “cells” inside the rocks
 that are bounded by interior mineral walls rather
 than organic molecules—a far cry from the con-
ventional protocells discussed in section ... To
 this proposal we turn in the next section.
  22.6. LIFE INSIDE ROCKS: 
  HATCHERIES AT A
  HYDROTHERMAL VENT 
 Where life started and what the physical sur-
roundings were like when it happened have re-
mained open questions in the course of the last
 half-century of research. Such questions clearly
 impinge on all the various issues, including those
 involving encapsulation discussed in section ..
 An altogether different possibility for the locus of
 life's origin presented itself approximately three
 decades ago when oceanographers using deep-
water exploratory submarines discovered thermal
 vents on the ocean floor.
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 Figure ..   Reverse Krebs cycle showing the number of C atoms of each segment of the cycle.
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 ... Deep-sea hydrothermal vents: A place for life's
 origin?   Two types of vents have been discovered.
 One type, first found in , is known as a black
 smoker. They occur at what amount to volcanoes
 under the sea at places where the tectonic plates
 are spreading apart (§ .). The seawater at these
 vents can be hotter than four hundred degrees
 Celsius and is both very acidic and rich in a variety
 of inorganic matter including metal ions, HS, CO,
 and H. The second type of vent occurs several ki-
lometers away from the spreading zone. The first
 of these was found in  and is known as the
 Lost City Hydrothermal Field. The water issuing
 from the Lost City vent is much less hot (typically
 –o  Celsius) and is basic rather than acidic. At
 both the black smokers and the Lost City vents,
 microorganisms with an ancient lineage based on
 their genomes have been discovered. The discovery
 of these organisms with very old family ties at
 these deep-sea vents has furthered the idea of a hot
 or at least very warm beginning for life and has
 focused the attention of many researchers on the
 possibility of a deep-sea start for life.
 Rock formations occur at both types of vents.
 The volcanic emissions at the black smokers give
 rise to acidic water that contains metal ions, espe-
cially iron. When it mixes with the cooler water,
 which is less acidic, iron sulfide precipitates. At
 black smokers, these iron sulfide precipitates form
 large chimney-like structures that are very porous,
 containing tiny water-filled cavities. It is believed
 that similar structures might have formed in the
 primordial ocean at the cooler vents farther from
 the undersea volcanoes, where the water is less
 acidic. Figure .  shows an electron micrograph 
 of a thin section of an ancient version of a FeS
 (iron pyrite) deposit found in Ireland. It is believed
 to have been formed at a hydrothermal vent about
  million years ago. It shows a cavity of roughly
 biological cellular dimensions—about  mi-
crometers across. Observations of geological for-
mations such as this coupled with chemical ideas
 similar to those of Wächtershäuser led Scottish
 geologist Michael Russell to propose that these
 small cavities inside FeS might have served as
 hatcheries for the beginning of life in the pri-
 mordial sea. 
 Russell and his colleagues offer several reasons
 why deep-sea rock formations provide an at-
tractive site for life's start. First, they argue that the
 location at the depths of the ocean would have pro-
tected fledgling life from the dangers present at the
 surface. These include vaporization induced by
 high-energy meteor impacts and the high-energy
 ultraviolet radiation from the Sun since at  Ga
 there would have been no modern-day ozone pro-
tection. Second, the small compartments inside
 the rocks would have provided an environment
 with many of the conditions necessary for the
  origin of life. 
 These conditions include () A steady supply of
 energy to drive the chemical reactions required to
 initiate and maintain life's functions. There are two
 sources of this energy, as we will discuss at greater
 length below—the redox reactions involving inor-
ganic substances dissolved in the water, and the pH
 difference between the basic inside and the acidic
 outside the cavities. () A second positive advantage
 is one shared with the iron-sulfur world proposal:
 the inorganic mineral would have provided an ideal
  16 
 Wächtershäuser, “From Volcanic Origins.”
 Figure ..   Electron micrograph of a thin section of a -million-
year-old iron pyrite precipitate found in an ore deposit in Ireland.
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 catalytic surface for carrying out various chemical
 reactions critical to life's origin. () Last and most
 unique to this proposal is the advantage of con-
tainment. The cavities are pictured as having pro-
vided roughly biological cell–sized volumes in which
 life could have gotten its start without the necessity
 of either a preformed membrane or a primordial
 soup. Encapsulation in this form is an advantage in
 that it allows a gradual buildup of reactants for im-
portant biomolecule-producing processes without
 the necessity of protocell formation.
 Supporters of this proposal point out that encap-
sulation of this type overcomes one of the problems
 inherent in the primordial soup scenarios. Obtaining
 concentrations of reactants required for reactions
 making biomolecules such as RNA on the large scale
 of an ocean or even a warm little pond could have
 been a difficult achievement. When the reactants are
 confined to cellular dimensions and the chemical
 processes producing the biological molecules are on-
going inside the compartments, this so-called con-
centration problem is significantly diminished. En-
capsulation inside the rocks also avoids one of the
 criticisms of two-dimensional life such as proposed
 in the iron-sulfur world. In the latter case, the dif-
ficult question involves what would have happened
 if the important biological entity separated from the
 surface. It would be lost irretrievably.
 ... Some aspects of the hydrothermal-hatcheries
 proposal.   Russell and molecular biologist William
 Martin have fleshed out the theory for a hydro-
thermal-vent beginning for life in some bio-
chemical detail.   There is too much detail for us to
 consider in this text, but we can consider some of
 the important particulars, especially in com-
parison with the iron-sulfur world proposal. Since
 no comparable name has been assigned to the
 Russell proposal, we will arbitrarily assign one—
  the hydrothermal hatchery. 
  17 
 William Martin and Michael J. Russell, “On the Origin of Bio-
chemistry at an Alkaline Hydrothermal Vent,”   Philosophical
 Transactions of the Royal Society B    (): -.
 One clear similarity between the FeSWorld and
 the hydrothermal-hatchery proposal is their
 mutual rejection of the primordial soup idea and
 their embrace of a chemoautotrophic start for life
 rather than a heterotrophic one. In both instances,
 there is an emphasis on a top-down approach, at-
tempting to learn as much as possible from the
 known metabolic patterns of ancient lineage ar-
chaea and bacteria believed to be similar to the
 LUCA. In this respect, hydrothermal-hatchery pro-
ponents come to a different conclusion from the
 FeS world supporters, but more about that later. A
 fundamental idea that the hydrothermal-hatchery
 and FeS proposals share is that the chemical
 pathway to life starts with the catalysis of chemical
 reactions involving inorganic reactants on the
 surface of minerals primarily composed of iron
 and sulfur (which, if this proposal is correct, we
 can recognize as possible forms of creation minis-
 tering to creation). 
  Hydrothermal-hatchery proponents believe 
 that the presence of two particular strains of an-
cient lineage organisms at modern hydrothermal
 vents is suggestive of the primordial importance of
 their version of metabolism. The microbes that
 they single out for consideration are the   metha-
nogens   and the   acetogens. The methanogens they
 identify as likely candidates are classified as   ar-
chaea, while the acetogens are   bacteria, and both
 are heat loving, either thermophiles or hyperther-
mophiles. Their names are derived from the fact
 that they generate   methane   (CH) and    acetic acid
 (CHCOOH). They are chemoautotrophs, capable
 of making all of their organic components and ful-
filling their energy needs by drawing on the
 inorganic substances available in the seawater
 surrounding the hydrothermal vents. By the way,
 they are also anaerobes, meaning that they survive
 in the absence of oxygen.
  18 
 Also noteworthy is that relatives of the deep-sea versions, other
 methanogens and acetogens, are known to inhabit the human
  gastrointestinal tract. 
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 The methanogens and acetogens make methane
 and acetic acid using carbon dioxide and hydrogen
 gas via the following simple reactions:
 CO  +  H  → CH  +  HO (methane)
  CO  +  H  → CHCOOH +  HO (acetic acid)
 Both of these reactions are redox reactions; the
 CO  is being reduced by the H. The reduced form
 of C can be incorporated into the various organic
 molecules needed by the microbes through other
 metabolic processes. Thus in a sense CO  can be
 thought of as the food of the microbes. Simultane-
ously, the reactions run downhill energetically be-
cause of the strong reducing power of H, so the
 microbes obtain their energy to drive their meta-
bolic processes from these same reactions. Geo-
chemist Everett Shock has called this a “boon-
doggle in which microbes are given a free lunch
 that they are paid to eat.”   You may be wondering
 where the H  comes from. The source at present-
day submarine vents, and also likely to have ex-
isted in the primordial setting, is a geochemical
 redox reaction known as serpentinization:
 [(Mg.Fe.)SiO] + HO → [MgSiO(OH)]
 +
  FeO + H 
 (In essence, the redox reaction involves  Fe+  + 
 H+  →  Fe+  + H.) The metabolic pathway by which
 methanogens and acetogens incorporate C and
 obtain energy is thought to be even more ancient
 than the reverse Krebs cycle. The essence of this
 path known as the Wood-Ljungdahl path (note it
 is not a cycle but a path) is summarized in figure 
 . with the mechanistic details left out. Essen-
tially, the way the microbes piece together the CO
 to make a two-carbon chain involves two branches:
 the one on the left, in which a CH  group is pro-
duced using three of the H  molecules, and the one
 on the right, in which CO  is reduced to -COOH by
  19 
 Everett L. Shock et al., “The Emergence of Metabolism from
 Within Hydrothermal Systems,” in   Thermophiles: The Keys to
 Molecular Evolution and the Origin of Life, ed. Juergen Wiegel and
 Michael W. W. Adams (London: Taylor and Francis, ), .
 the fourth H  molecule. HO, although not shown
 in figure ., is a byproduct in both instances. In 
 the methanogens, the far left-hand branch to CH
 is an alternative path sometimes taken, resulting in
  methane production. 
 At several steps, along both the left-hand and
 right-hand side of the Wood-Ljungdahl path, there
 are protein catalysts that assist in forming the in-
termediates along the way. Many of these enzymes
 contain metal sulfide centers as their active sites,
 the metal usually being iron but sometimes with
 nickel included. Hydrothermal-hatchery propo-
nents suggest that this reflects the origin of both
 these enzymes and the path itself. They contend
 that the reactions started out using just the metal
 sulfide in the walls of the cavities inside the rocks
 as the catalysts. They hypothesize that later the or-
ganic superstructure, the protein chain, was added
 using the products of the reactions themselves to
  20 
 There is not universal agreement about the original ancestral
 organisms among hydrothermal-hatchery proponents. For ex-
ample, Russell has changed his mind and now argues that the
 LUCA was a methanotroph (a methane “eater”) that used a ver-
sion of the Wood-Ljungdahl path but in reverse. Such organ-
isms exist today using nitrates (NO–) or nitrites (NO–) to oxi-
dize methane to produce organic molecules that can be
 incorporated into biomass, and Russell argues that the primor-
dial ocean contained nitrogen-containing oxidants such as
 these in sufficient quantity to accomplish this as well as a geo-
chemical source of methane. See Wolfgang Nitschke and Mi-
chael J. Russell, “Beating the Acetyl Coenzyme A-Pathway to the
 Origin of Life,”   Philosophical Transactions of the Royal Society
 B    (): -.
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 Figure ..   Simplified metabolic path in acetogens and methanogens.
l 
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 make the protein. Other metal sulfide–catalyzed
 reactions incorporated NH  into amino acids, pro-
viding the building blocks for the protein. The H
 produced in the serpentinization reaction provides
 the reducing environment necessary for Miller-
Urey-type amino acid production.
 Proteins that contain metal sulfide centers are
 very common in these ancient-lineage microbes. A
 cartoon representation of the structure of one of
 them is shown in figure .. In this particular 
 case, the iron and sulfur are present as a FeS  unit
 with the iron atoms also connected to the protein
 chain through side chains that contain S.
 Essentially the hydrothermal-hatchery ap-
proach proposes a geochemically catalyzed start
 for what eventually became metabolic reactions to
 produce a system that had the properties of life.
 The processes occur in the compartments inside
 the porous FeS-containing rocks, with the walls of
 the compartment serving in place of a cell wall.
 The rocky walls separated the fledgling life–like
 processes from the environment, allowing concen-
tration of biomolecules. They also maintained im-
portant differentials in concentrations of redox
 reactants and pH, inside versus outside, which are
 potential sources of energy. For instance, hydro-
thermal-hatchery theorists propose an early devel-
opment of the energy-harvesting process known as
 chemiosmosis   (see “Going Further: Redox Reac-
tions, Metabolism, and Chemiosmosis” for details).
 Chemiosmosis is the process used in virtually
 all forms of modern life to harvest metabolic
 energy in the form of ATP. In the hydrothermal-
hatchery scenario, this process takes advantage of
 the difference in H+  concentration (the pH dif-
ference) between the interior of the rocks and the
 exterior seawater. Concentration differences across
 membranes create chemical potential-energy dif-
ferences, and hydrothermal-hatchery theorists
 argue that this would have provided a ready-made
 energy source that was used to good advantage by
 the fledgling protocells in the rocks.
  Figure .  depicts the progression over time 
 of the processes proposed in the hydrothermal-
hatchery scenario leading to life's beginning, all
 occurring inside the hatcheries in the rocks. It
 begins at the bottom with the prebiotic chemistry
 needed to produce the ingredients of the im-
portant biopolymers, the proteins and the nucleic
 acids. Moving onward in time and upward on the
 diagram, we pass through the various stages of
 increasing chemical complexity, arriving even-
tually at the LUCA. Throughout the process it is
 proposed that there would have been passage of
 reactants and products between compartments
 throughout the FeS mound as well as growth of
  the mound itself. 
 The proposal does not require prior production
 of a soup but instead postulates the generation of
 biochemically important material through pro-
cesses that were initially geochemically driven.
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 Figure ..   Cartoon representation of a metalloprotein showing an
 iron (red)-sulfide (yellow) active site. Note that half of the S atoms
 attached to the iron are inorganic, not attached directly to the protein
 chain. The α spirals and the β arrows represent modes of protein
 chain folding, α helixes and β sheets, respectively. The gray strands
 represent protein chains with no specific folding format.
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 Gradually these processes became more biological
 in character as proteins (especially metal-containing
 ones, the metalloproteins) and eventually nucleic
 acids arose. The various metabolic systems nec-
essary for the synthesis of essential amino acids and
 the nucleobases are postulated to have arisen in the
 movement toward the LUCA and beyond. Thus life
 is proposed to have had an autotrophic origin that
 was essentially geochemical in nature, derived from
 the inorganic material in the effluent from the
 Earth's crust that percolated up through the porous
 FeS rocky mound, with the carbon supplied by the
 CO  in the ocean. As in previous scenarios, it is not
 possible to define a specific point at which life began.
 However, it is important to note that the LUCA in
 this case is not free living but is rock bound.
 Separation of life forms from their rocky cradles
 requires the development of various additional ca-
pacities. Clearly, before they can leave the rocks
 they must have a nonmineral encapsulation. As
 depicted in figure ., this requires the devel- 
opment of the capacity for lipid biosynthesis.
 Therefore, unlike the theories discussed earlier that
 proposed the development of protocells from exog-
enous or prebiotically produced amphiphilic lipids,
 in the hydrothermal-hatchery sce-
nario the developing systems inside
 the rocks discover the method of
 lipid biosynthesis used by cells
 today. According to this approach,
 a division occurs at the point of in-
troduction of lipid biosynthesis,
 leading to the two main forms of
 prokaryotes, the bacteria and the
 archaea. The basis for this pro-
posed separation is that one of the
 most important differences be-
tween these two types of microor-
ganisms is in the chemical form of
  their membrane lipids. 
 Once lipids are available, the pos-
sibility of formation of a bilipid
 membrane for both types inside the rocky hatcheries
 exists. This allows the possibility of the escape of both
 forms from the hatchery to become free-living cells,
 eventuating in the two major domains of prokaryotes
 known today, the archaea and the bacteria.
 ... Lingering questions for the hydrothermal-
hatcheries proposal.   The hydrothermal-hatchery pro-
posal represents an ambitious attempt to develop a
 full-scale description of life's origin that overcomes
 some of the conundrums of other approaches. Is it
 the last word on the subject? The originators them-
selves would, no doubt, be the first to say   no. Many
 unanswered questions remain regarding their
 proposed path from geochemical catalysis to self-
replicating and free-living archaea and bacteria.
 Perhaps the most serious are the same ques-
tions that plague an RNA world developed from
 primordial soup, such as the difficulty of obtaining
 a functional and replicable RNA molecule. The hy-
drothermal origin in the primordial ocean sug-
gests a warm if not hot start; hence, the chemically
  21 
 There are also fundamental differences in the DNA replication
 systems between archaea and bacteria, suggesting that these
 functions developed independently in the two types after the
 bifurcation from the LUCA.
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 Figure ..   Cartoon representation of the hydrothermal-hatchery scenario for life's origin. Warm
 effluent from inside the crust percolates through the porous rock and reacts with ocean water
 components, catalyzed by metal sulfides in the walls of the cavities in the rock. See text for more
  extensive description. 
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 fragile nature of RNA again becomes problematic.
 Moreover, the question of how the first biological
 informational molecules originated, such as RNA
 molecules capable of self-replication, remains
 open, as it did in the Orgel-Joyce “dream” (§ ..).
 In addition, since the hydrothermal-hatchery
 proposal argues for an autotrophic start for life, it
 requires the development of the extensive enzy-
matic machinery for making the various biomol-
ecules from scratch with a geochemical catalytic
 starting point. One of the advantages of the tradi-
tional Oparin-Haldane theory involving the pri-
mordial soup lies in the fact that since the starting
 materials are in the soup, the protocell does not
 have to be able to make the amino acids, the nucle-
otides (including their parts) and so on. All the
 protocells needed to do was eat the soup to survive.
 In contrast, in the hydrothermal-hatchery scenario,
 the autotrophic start means in effect that the devel-
oping system had to learn to make its own soup.
 The piecing together of the nucleobases in RNA
 is particularly challenging if the anabolic mecha-
nisms in present-day organisms are to be taken as
 a guide. In contrast to the prebiotic synthesis that
 involved stitching together HCN, as discussed in
 section . in the primordial soup preparation,
 microbes today make nucleobases virtually one C
 or N atom at a time, which means it takes many
 more steps and would therefore be more difficult to
 achieve. Considering all of the challenges, for the
 hydrothermal-hatchery proposal the burden of
 proof is () on the catalytic capability of the min-
erals to get things started and () on the feasibility
 of a geochemical to biochemical conversion of
 those mineral catalysts. While there has been much
 written of a theoretical nature about the hydro-
thermal-hatchery proposal, much work remains to
 be done to demonstrate its viability experimentally
  through laboratory simulation. 
 This is the last scenario to be discussed. We may
 well ask at this juncture, What are the appropriate
 conclusions to be drawn? Based on our present
 understanding it is reasonably safe to claim that
 there is no clear winner among the various sce-
narios offered. The possibility exists that the
 correct answer might be some sort of combination
 involving the various scenarios. Or maybe the true
 answer is “None of the above.” The right answer
 may await future developments of the science.
 On the other hand, there are those who are in-
clined to believe that the question is not even an-
swerable in any ultimate sense. They would remind
 us that definitive evidence of how life began is un-
attainable since the molecular residues from life's
 beginning have long since disappeared. As William
 Martin has put it, “Even if you made a reactor and
 out pops E. coli on the other side . . . you still can't
 prove that we arose that way.”   At best, origin-of-
life scientists can only postulate probable paths to
 the first living thing. For our purposes, it is time to
 move on to the next chapter, where we consider
 questions that have a more philosophical and theo-
logical flavor and are of a more general nature.
  22 
 Quoted in Michael Marshall, “The Secret of How Life on Earth
 Began,” BBC Earth, October , , www.bbc.com/earth 
  /story/-the-secret-of-how-life-on-earth-began.
 Going Further: Redox Reactions,
  Metabolism, and Chemiosmosis 
 We have defined life as a system that sustains itself via a continuous flux of energy and matter from the environment
 (§ .). The chemical processes involved in this maintenance of life are collectively referred to as metabolism. Since
 metabolism is necessarily a part of the story of life from its very beginning, a rudimentary understanding of metabolic
 processes is necessary to appreciate the questions raised regarding metabolism in the origin of life.
 The sources of energy available on the primordial planet included many of the same energy sources that exist today
 on Earth. Some of these have been referred to in the text in our discussion of prebiotic syntheses. One of the largest
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 sources if not the largest is solar radiation. Other possibly important sources include shock impacts from meteors and
 comets, radioactivity, volcanic eruptions, electrical discharges (lightning), and chemical energy mainly of geological
 and atmospheric origin. Since life depends on chemical phenomena, the last source is potentially of direct usage, while
 all of the others are useful only insofar as they can be converted into chemically useful forms.
 In the modern biosphere, the capture of solar energy via photosynthesis by green plants generates large quantities
 of chemical energy sources for consumption by heterotrophs. This very large and prebiotically available energy source
 has been suggested on occasion as a source of metabolic energy for life's start. Nevertheless, few members of the origin-
of-life community accept this proposal as a very likely one for the simple reason that the capture of light energy does not
 appear to be a readily accessible prebiotic process if the complex nature of the photosynthetic systems is any indication.
 Photosynthetic organisms appear to have made an appearance after the LUCA and therefore after its predecessors.
 Some scientists argue that the first version of photosynthesis was a form called anoxygenic photosynthesis, which
 means that the oxidized product was not O  but something else, probably sulfur. Much later, perhaps about . Ga, when
 oxygen-producing photosynthesis appeared, the large increase in the concentration of oxygen gas in the atmosphere
 that occurred is believed to have led to the profusion of large, multicellular life forms. Prior to that development, the
 atmosphere had extremely low amounts of oxygen, and this fact will become very important later in our discussion of
  primordial metabolism. 
 Ultimately the most likely energy sources readily available to drive the chemistry of beginning life were themselves
 chemical in nature. Some of these may have come directly or indirectly through the action of the other energy sources
 listed above. For instance, in Sutherland's approach for forming nucleotides, both ultraviolet light and heat from meteor
 impact or volcanoes are proposed as sources of energy (§ .). An obviously important source of chemical energy is the
 Earth itself. To understand the significance of these energy sources, it is necessary to categorize in a simple manner the
 kinds of chemical reactions possible.
 The most important reaction type and the one that often generates the most energy is the redox reaction. Redox
 always involves both   reduction and   oxidation. They go together like a gift giver and recipient—you cannot have one
 without the other. We have previously dealt with redox reactions in which increase in hydrogen content and/or decrease
 in oxygen content of a molecule was associated with   reduction, while the opposite was associated with   oxidation.   We
 need to broaden the definition slightly to recognize that reduction can also be described as a   gain of electrons, while
 oxidation can be described as a   loss of electrons. This latter definition allows us to describe the overall process in terms
 of two half-reactions, one a reduction and the other an oxidation. The reducer is the giver of electrons and the oxidizer
 is the recipient. The following simple example will illustrate and hopefully clarify these definitions:
 In this very elementary example, hydrogen and oxygen engage in a redox reaction forming water. Although the
 reaction does not actually follow the path indicated, for our formalism we can think of it in terms of two hydrogens
 giving two electrons (an oxidation) and an oxygen atom receiving two electrons (a reduction) in the first step, with the
 resultant ions getting together to form water as a second step. We now make the assumption that, unless we are forced
  an Oxidation: 
 H2 2H + 2e 
 ¯
 +
 a Reduction: 
 1/2 O2 + 2e¯ O
  2- 
  H2O 
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 to reason otherwise, whenever hydrogen is in a compound, it can be thought of as having gotten there via an H atom
 losing an electron and taking on a charge of +. Similarly, whenever O is in a compound, it can be thought of as having
 arisen from an O atom gaining two electrons and taking on a charge of -. Using this approach, we can then determine
 the number of electrons gained or lost by a third element if it is present. Thus in formaldehyde, CHO, carbon would bear
 no charge since there is no charge on the molecule and the + from the two hydrogens is canceled by the - from O. In
 formic acid, HCOOH, carbon would be assigned a charge of +. The higher the charge on the carbon, the more oxidized
 it is. Notice that this is consistent with our original definition that adding more oxygens means more oxidized (and also
 more oxidizing), while adding more hydrogens has the opposite effect. For those of you who have studied chemistry,
 you will recognize that what we have called charge is the same as   oxidation number. We will use this designation from
 here on using the symbol ON.
 Most of the other reactions that we will need to consider can be categorized as acid-base reactions of one sort or
 another. It is possible to categorize them this way simply because the definition of acids and bases can be broadened to
 include any reaction in which an electron pair on an atom of one molecule attaches to an atom of another molecule
 (whether or not in the process it displaces anything on the other molecule). An example would be the hydrolysis of ATP,
 a very familiar reaction to any student of biology. This reaction is sometimes written as ATP   →   ADP + Pi (Pi means inor-
ganic phosphate), which is misleading. It should be written as ATP + HO    →   ADP + Pi because water is involved in the
 process, with an electron pair from its O attaching to the end phosphorus atom on ATP to start the reaction (hence, it
 qualifies as an acid-base reaction).
 We are now ready to talk about the basics of metabolism involved in the origin of life. Probably the best way to do
 that is to set the question in the context of metabolism in the modern ecosystem. All the different kinds of biomolecules
 we have discussed undergo metabolism in one sense or another, but to simplify matters we will focus on the six-carbon
 sugar, glucose (CHO). The first thing to notice is that the C in glucose would be assigned ON = . When glucose under-
goes metabolism in aerobic organisms, organisms that survive using O  from the air, it is first transformed through a
 series of steps into pyruvic acid:a
 CHO    →    CHO  + H+  + e
 ¯
 Clearly this is an oxidation—electrons are lost, and the C is going up to ON = /. This half-reaction is called   gly-
colysis. The energy is stored in the form of ATP, which can be thought of as being like monetary currency. Glycolysis
 produces energy like the sale of a house generates funds; the money from the house sale can be wasted by purchasing
 relatively worthless lottery tickets, or it can be turned into US currency. Similarly, the energy from glycolysis could be
 wasted as heat energy, but enzymatic processes store it in the form of ATP molecules by running the hydrolysis of ATP in
 reverse: ADP + Pi   →   ATP + HO. In this case, there is a net gain of two ATP molecules per glucose molecule converted to
 pyruvic acid. The production of this ATP is sometimes referred to as “substrate level phosphorylation” or SLP. You may be
 wondering about what gets reduced (recall that you cannot have an   ox   without a   red). In the short run, it is a complex
 molecule called NAD+  for short. But in the long run, the reduced form of NAD+, the molecule NADH, is just an electron
 carrier, and ultimately the electrons are delivered to oxygen gas. Thus the answer is O, which gobbles up the H+  as well,
 forming water. The energetically favorable transfer of electrons to O  enables a lot more ATP production through a
 process known as   chemiosmosis, but more about that later.
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 Now, in contrast, what happens in an anaerobic organism, one that cannot use oxygen as the aerobe can? The an-
swer is some sort of fermentation. For instance,
 C
 HO    →    CHO
 The compound on the right is known as lactic acid. Its C has ON = . Clearly this is not an oxidation since all that
 happened was the glucose was divided in half. Nevertheless, in an anaerobic organism, via a series of enzymatic steps,
 all essentially acid-base in character, the process does generate enough energy to produce two ATPs per glucose mole-
cule from ADP and Pi, just as the oxidation to pyruvic acid did. Thus without the transfer of electrons to O, glycolysis and
 fermentation are equally effective at energy production/storage, both having produced two ATPs.
 Most origin-of-life scientists who subscribe to primordial-soup scenarios and therefore argue for a heterotrophic
 beginning for life assume that life got started using fermentation-type reactions such as this one to produce energy.
 They reason this way since there was no oxygen or readily usable oxidizing agent around, so it makes sense to assume
 life started anaerobically (a form of inference to the best explanation, § ..). The form of energy storage would not
 necessarily have been ATP at the very outset. Another suggested possibility is the simpler molecule CHCO-phosphate
 (acetylphosphate), wherein the acetyl group replaces the larger and more complex adenosyl. Other suggestions include
 PPi (pyrophosphate) or de Duve's suggestion of thioesters (§ ..). In any case, the important thing to remember is the
  assumption of fermentation. 
 Those who would argue for an autotrophic beginning must suggest other alternatives since they do not accept the
 idea of a relatively rich organic soup to provide the food for metabolism. For example, as indicated in section ..,
 iron-sulfur world theorists suggest inorganic redox reactions such as the one between FeS and HS to initiate metabo-
lism using CO or CO  as the carbon source. Hydrothermal-hatchery theorists suggest that the Wood-Ljungdahl path
 (§ ..), which uses just CO  and H, was involved close to the start of life. This, however, poses a slight problem since
 the Wood-Ljungdahl path does not provide enough net energy to produce any ATP. The hydrothermal-hatchery answer
 is that while in rocky confinement, the protocells would have had the added boost of methyl sulfide, an alternative
 source of the methyl group that is produced on the left branch of the Wood-Ljungdahl path. This would have allowed
 the production of one ATP molecule per reaction. However, the protocells could never have left the rocky mound,
 because it was the source of the methyl sulfide. Another source of energy was needed, and the proposal of the hydro-
thermal-hatchery proponents is a source ubiquitous in life today and the one we mentioned earlier—chemiosmosis.
 Chemiosmosis as a means of producing ATP is about as common in living systems today as the genetic code. This fact,
 hydrothermal-hatchery proponents argue, provides additional circumstantial evidence that chemiosmosis was used
 very early in life's development, by the LUCA or even earlier forms, to conserve energy. They also suggest that it indicates
 life began inside rocks at deep-sea thermal vents. To understand why, we need to learn some more basic facts about
 both chemiosmosis and the hatcheries at the thermal vents.
 When a concentration difference occurs on opposite sides of a barrier, a chemical potential-energy difference results.
  Figure .  shows a simplified representation of a bacterial cell membrane in which there is a lower concentration of H
 +
 ions inside than there is outside. The barrier in this case is the cell membrane, here represented as bilipid in character. The
 mechanism by which the concentration difference is attained is represented in the chemical reaction portrayed on the left
 side of figure .. Dred is a reducing agent that transfers an electron to Aox, an oxidizing agent. In the process, they are 
 converted into Dox  and Ared, respectively, but more significantly, in the process H+  ions are transferred from the inside to
 the outside of the cell. In various modern cells, a large number of different compounds play the roles of A and D.b
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  Figure .  portrays the difference in G, the so-called free energy, resulting from the chemical potential-energy 
 difference that ensues, and it also illustrates that if H+  can flow downhill, from outside to inside, energy will be released.
 In the cell this flow can occur through the channel shown as a two-lobed molecule embedded in the membrane on the
 right of figure .. This molecule is an enzyme known as ATPase, a sort of molecular energy transformer that connects 
 the H+  flow to the ATP-generating reaction involving ADP and Pi, inorganic phosphate, as shown on the diagram. There-
fore, instead of a loss of the chemical potential-energy storage
 resulting from the pumping of H+  by the redox reaction that
 would have occurred through a simple leakage of H+  through the
 membrane, the energy is stored in a chemically usable form. It is
 similar to water flowing downhill from a higher gravitational en-
ergy and having its energy put to effective use through a water-
wheel at a grist mill or saved as electrical energy by turning tur-
bines at a hydroelectric plant. Hence, the process of chemiosmosis
 involves the use of the energy from redox reactions to pump H
 +
 ions out of the cell and then taps their reverse flow to produce
 ATP. It is far more efficient than SLP in glycolysis or fermentation.
 The redox reaction energy is stored in the formation of ATP and
 then spent with little or no leftover, wasted energy, whereas in
 SLP a lot of the energy is wasted.
 But how does the rocky origin of life in the thermal vents relate to the chemiosmosis story? Hydrothermal-hatchery
 proponents suggest that the compartments in the rocky mounds, which were the progenitors of biological cells, would
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 Figure ..   Cell membrane showing chemiosmosis.
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 have had a H+  ion concentration difference inside versus outside simply as a result of the composition of the aqueous
 medium in which they existed. The water in the interior would have had its H+  concentration lowered because of the
 serpentinization reaction (§ ..), while the outside would have a relatively high H+  concentration because of the
 presence of CO, which reacts with water to produce H+. Thus the concentration difference and resultant potential en-
ergy difference would have been provided by the environment and in the same direction as in modern cells. All the
 protocells needed to do, according to hydrothermal-hatchery proponents, was develop a means to tap it. This is no small
 task since ATPase, the molecule that makes ATP using the energy from H+  flow, is a rather complex molecule. Neverthe-
less, hydrothermal-hatchery proponents have some ideas about how this may have occurred, but these go beyond the
 level of this text. Later, of course, before leaving the rocky hatchery the protocells would have had to develop redox
 systems to generate their own H+  concentration difference. That story also goes beyond the topic of this text.
 a
 Actually, into pyruvate (CHO–
 ) in neutral solution, but to simplify matters we are assuming pyruvic acid as the product. After glycolysis, the pyruvate
 enters the Krebs cycle with CO  as the ultimate oxidation product.
 b
  When O 
 is present it is usually the final electron acceptor in a string of redox reactions, some of which push H+  across the membrane, which is why we
 indicated earlier that the NADH produced in glycolysis ultimately passes its electrons to oxygen.
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  BIBLICAL AND 
  THEOLOGICAL PERSPECTIVES 
  ON THE ORIGIN OF LIFE 
  THIS CHAPTER COVERS: 
 Life-affirming properties of selected elements/
  compounds 
 Viewpoints on the probability of life's origin
 An evaluation of probability based on the RNA
  world scenario 
 Implications of the probability question for
  origin-of-life science 
 Probability, intentionality of life's origin, and
 the doctrine of creation
 As Christians, we believe that God's creation has
 purpose. Scientific investigation of origins in
 general and of life in particular does not directly
 address the question of a purposed creation (§ .).
 The doctrine of creation explicitly addresses this
 issue, and to this subject, especially in relation to
 life's origin, we now turn.
  23.1. THE DOCTRINE OF 
  CREATION AND CHEMISTRY 
 As we have discussed in earlier chapters, the doc-
trine of creation includes the idea that the triune
 Creator of all that exists has invested this creation
 with functional integrity (§ ..), the capacity to
 fulfill the purposes for which it was created. By this
 we do not mean that God acted in a deistic manner,
 setting things in motion in an initial act and then
 leaving the creation to operate independently, cre-
ating itself on its own, as it were. Rather we believe
 that the Father continues to call forth what the
 creation is meant to be in the Son and energized by
 the Spirit, so that the result is what God sover-
eignly intends. The triune Creator works patiently
 through the properties and processes of nature
 (§ ..). There is purpose in this creative process
 from the outset and continuing into the eschato-
logical future (see chap. ), and the triune God is 
 involved throughout. In our scientific investiga-
tions, we are merely attempting to understand the
 material means by which this intentional creative
 process occurs. This is what scientific inquiry spe-
cializes in, whereas theology illumines God's plans
 and purposes. Bringing these two forms of inquiry
 together in understanding the creation is an ex-
ample of the partial-views model for relating the
 sciences and theology (§ ..).
 Given the truth of the doctrine of creation, we
 should expect to find in our study of creation evi-
dence of this functional integrity. Of course, our
 ability to perceive such evidence will depend on both
 the perspicacity of our science and on our under-
standing of what the Creator's intentions are for cre-
ation. Clearly one of God's purposes was to bring into
 existence life on Earth through the functional in-
tegrity of the inorganic part of creation. In the words
 of Genesis , “‘Let the waters swarm . . . ' ‘Let the earth
 bring forth living creatures . . . '” (Gen :, ).
 In chapters nine and ten, we made repeated ref-
erence to the life-affirming nature of the universe
 1
  Robert Alter, 
 The Five Books of Moses: A Translation with Com-
mentary   (New York: W. W. Norton, ), .
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 and that this aspect of our world is totally con-
sistent with purposeful activity of a Creator and a
 creation that ministers to creation (§ ..). Given
 that God purposed the origin of life on Earth, our
 attention now turns to the understanding of how
 the functional integrity of creation allows the ful-
fillment of that purpose. Our emphasis in the dis-
cussion of the science of life's origin in the pre-
ceding chapters has been on the great uncertainty
 of our knowledge about the specifics. This lack of
 knowledge limits what can be said with confidence
 about the mechanisms by which the functional
 integrity of God's creation is fulfilled in life's origin.
 Nevertheless, there are clearly perceived aspects of
 the chemistries of the elements and compounds
 involved in life's existence that are critical to that
 existence and therefore its origin. These chemical
 and physico-chemical properties can be under-
stood as part of the functional integrity of the in-
organic (nonliving) aspects of God's creation that
 made possible the appearance of life on Earth.
 ... Functional integrity of chemical properties for
 the origin of life.   What are the properties of the ele-
ments and their compounds that are involved in
 life's chemistry that may be viewed as part of the
 Creator-endowed functional integrity of the cre-
ation? We have already briefly alluded to some of
 these in section .. Our purpose here is to expand
 on some of these ideas.
 One of the first scientists to write about the
 chemical aspects of the nonliving world that
 seemed ideally suited to the occurrence of life on
 Earth was Harvard biological chemist Lawrence J.
 Henderson.   Several works have appeared more
 recently that have expanded on Henderson,
 drawing on the huge increase in understanding of
 the chemistry of living systems since his day.   Hen-
 2
  Lawrence J. Henderson, 
 The Fitness of the Environment: An In-
quiry into the Biological Significance of the Properties of Matter
 (New York: Macmillan, ).
  3See, 
 for instance, Michael J. Denton,   Nature's Destiny: How the
 Laws of Biology Reveal Purpose in the Universe   (New York: Free
 Press, ); John Barrow and Frank J. Tipler,   The Anthropic
 derson's central thesis, expanded by these later
 authors, is that “in fundamental characteristics the
 environment (that is, the various chemical and
 physico-chemical processes which constitute
 living things and the chemical and physical char-
acter of the hydrosphere) is the fittest possible
  abode for life.” 
 .... The life-affirming properties of carbon.   A
 good place to start is the chemistry of carbon,
 easily the most important element for life. Unique
 to carbon is its ability to bond strongly with itself
 as well as with the other critical elements for
 life—N, O, and H. The result is the capacity to form
 polymeric structures, such as the proteins with re-
peating -N-C-C- links, or to form sugars, such as
 ribose (part of RNA, DNA) with C-C and C-O
 bonds, or to make the long hydrocarbon chains
 that form the hydrophobic parts of the lipid bi-
layers in cellular membranes.
 An aspect of carbon chemistry emphasized by
 Henderson is the important bio-critical nature of
 its oxide, CO. Carbon dioxide, in contrast to the
 oxide of silicon (the next element in carbon's
 “family” on the periodic chart), is a gas at ambient
 conditions. In contrast, silicon dioxide is a water-
insoluble solid, known as   silica, the primary com-
ponent of sand. As a gas CO  was readily available
 for prebiotic-reaction chemistry, regardless of the
 origin-of-life scenario selected (chap. ), capable 
 of cycling between the atmosphere and primordial
 bodies of water. In aqueous solution, CO  func-
tions as a weak acid. As a weak acid together with
 its anionic form, the bicarbonate ion, it provides a
 buffering capacity for present-day living systems
 that are generally close to neutrality (pH of the CO
 buffer is around . versus . for neutrality).
 Buffers prevent large deviations from the normal
 Cosmological Principle   (Oxford: Oxford University Press, ),
  chap. ; Alister McGrath, A Fine-Tuned Universe: The Quest for 
 God in Science and Theology   (Louisville, KY: Westminster John
 Knox, ), chaps. -.
 4
  Henderson, 
 Fitness of the Environment, as quoted in Denton,
  Nature's Destiny, . 
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 acid concentration in living systems, which would
 be devastating for biological function. None of
 these properties of CO  are exhibited by SiO, its
 closest analog on the periodic table.
 Another important carbon characteristic is its
 capacity to form multiple bonds between carbon
 atoms as well as to atoms of other elements, par-
ticularly N and O. This capacity expands the versa-
tility of carbon and makes possible a wide range of
 important biological molecules. Most important
 among these are the nucleobases, which are com-
ponents of RNA and DNA. Since these are the bio-
logical information-storage molecules, they are
 critical to both life and its origin. What allows the
 extraordinary capacity of these molecules to
 engage in Watson-Crick pairing, which leads to the
 double-helix structure of DNA and to the complex
 RNA single-strand structures in ribozymes? In
 simple terms, it is that the alternating single/
 double bonds in the five- and six-membered rings
 of these bases result in an especially stable
 structure (a phenomenon that chemists call
 aromaticity) and in the ring atoms all being in
 the same plane. The molecules are flat, leading in the
 case of DNA to its “spiral staircase” structure.
 The alignments that can occur in Watson-Crick
 pairing in DNA and RNA structures are possible
 because of the planar nature of the nucleobases
 involved (see fig. .). Only carbon (with occa- 
sional substitution of C with N in the carbon
 framework) exhibits this capacity for aromaticity
 among its bonding capabilities.
 These instances represent just a sampling of car-
bon's unique bonding properties that serve as ex-
cellent examples of the functional integrity of the
 inorganic creation yielding life-affirming properties.
 .... The life-affirming properties of water
 and hydrogen bonding.   To quote John Barrow and
 Frank Tipler, “Water is actually one of the strangest
 substances known to science.”   Most of its physical
 properties, including such things as its boiling
 5
  Barrow and Tipler, 
 Anthropic Cosmological Principle, .
 point, its surface tension, and its specific heat, are
 anomalously high. Many of these extraordinary
 properties are critical for the existence and di-
versity of macroscopic life. Since our main focus is
 on the origin of unicellular life, we will consider
 principally those features critical to its existence.
 Readers may consult the references already cited
 for numerous applications to larger organisms.
 These are all compelling examples of the minis-
terial nature of creation.
 To understand the reasons for the unique prop-
erties of water, we need to remind ourselves of its
 molecular structure. It is a very simple, small mol-
ecule with a bond angle of . degrees and
 partial charges denoted by δs on each atom in
  figure .. Intermolecular attractions between 
 water molecules occur because of these partial
 charges. The H atoms with the partial positive
 charges on one molecule are attracted to the neg-
ative electron pairs on another molecule, forming
 hydrogen bonds. Most substances made of small
 molecules like it are gases at atmospheric condi-
tions. But because of water's ability to hydrogen
 bond in this fashion, it is a liquid. For comparison,
 the hydrogen compounds of two of oxygen's nearest
 relatives on the periodic chart, NH  and HS, are
 gases at atmospheric pressure with boiling points
 well below the freezing point of water. NH  can hy-
drogen bond, but in its liquid state it can form only
 half as many hydrogen bonds as water since it has
 only one nonbonding electron pair. Water has the
 e pair 
 H
 O 104.5 
 °
 2
 H
 Figure ..   Structure of the water molecule.
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 right match of two electron pairs and two hy-
drogen atoms, maximizing its hydrogen-bonding
 capacity. HS has the right match, but its hydrogen
 bonds are much weaker than water's.
 Why is this important? Life cannot occur in the
 gaseous or solid state; thus, water must be a liquid
 to function as the life-supporting solvent. Therefore,
 water's unique hydrogen-bonding capacity defines
 the temperature range in which life can occur. If
 that were the only consideration, one could readily
 imagine numerous other possible life-supporting
 liquids. But water is extraordinary in a number of
 other ways that make it the solvent of choice for life.
 Another physical property of water that is life
 affirming is its viscosity. In this case, its value is
 neither exceptionally high nor exceptionally low.
 The viscosity of water as liquids go is relatively low.
 For example, it is thirteen hundred times less than
 molasses, forty times less than olive oil, and about
 fifteen times less than sulfuric acid. But it is more
 than twice as viscous as acetone (nail polish re-
mover) and about three times more viscous at
 room temperature than ammonia is at its boiling
 point. Michael Denton suggests that too low a vis-
cosity would make living systems more susceptible
 to shearing forces.   On the other hand, if the vis-
cosity were too large, the movement of large mac-
romolecules or small organelles within cells would
 be impossible. Furthermore, since diffusion of
 small molecules in a fluid decreases as the viscosity
 increases, had the viscosity of water been much
 larger, the sustenance of cells via diffusion of nu-
trients would have been far more difficult. Hence,
 water's intermediate viscosity is life affirming, ac-
 cording to Denton. 
 Perhaps even more significant among its life-
affirming characteristics is water's chemical prop-
erties as a solvent. Here again the polarity of water,
 as represented in figure .  and exhibited in its 
 hydrogen-bonding capabilities, becomes para-
mount. Water is sometimes called the universal
 6
  Denton, 
  Nature's Destiny, -. 
 solvent. But of course this is a misnomer since it is
 not effective at dissolving metals and, as everyone
 knows, water and oil do not mix. The extremely
 low water solubility of hydrocarbons such as oil
 (their hydrophobicity) coupled with the high af-
finity of charged entities for water (their hydrophi-
licity) leads to the important life-affirming ten-
dency of amphiphilic lipids to form bilipid
 membranes necessary for the existence of cellular
 life (see §§ ., ..). A similar effect results in
 the folding patterns of proteins, which are gov-
erned in large measure by the attraction of water
 to charged or hydrogen-bonding R-groups and
 the repulsion between water and the hydrophobic
 R-groups, which cause them to congregate in the
 interior when the protein folds into its three-
dimensional structure (see “Going Further:
 Amino Acids and Proteins,” § .).
 Hydrogen bonding is also literally vital in life's
 chemistry in cases where water is not one of the
 participants. Recall that the double-helix structure
 of DNA and the three-dimensional structure of
 RNA is the result of hydrogen-bond formation
 (§ ...). The intermediate character of the
 hydrogen-bond strength is a life-affirming charac-
teristic in these instances. Take the case of the DNA
 structure. It is important that the Watson-Crick
 pairing be specific and secure so that the correct
 pairing occurs and separation between the strands
 does not occur prematurely or randomly. Thus the
 hydrogen bonds need to be strong enough to
 maintain the structure at the organismic temper-
ature. On the other hand, if the hydrogen bonds
 were much stronger, for instance, comparable to
 covalent bonds, which are ten times more difficult
 to break, the relatively rapid separation of the
 strands for copying in the processes of tran-
scription or replication would not be feasible
 without a much larger expenditure of energy.
 In all of these examples, the innate properties of
 water, and/or the tendency of hydrogen attached to
 oxygen or nitrogen to hydrogen bond, exhibit the
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 functional integrity and ministerial nature of these
 elements and compounds as a part of creation's
  prebiotic character. 
 .... Why was phosphate chosen? Another
 example of functional integrity.   To this point we
 have focused attention on the involvement of the
 most important elements in life's story—C, H, N,
 and O. We turn now to another important player
 that has a crucial role in more than one biological
 context. The element phosphorus shows up in its
 phosphate version both in metabolism (ATP) and
 in the information-processing molecules, RNA
 and DNA. We will draw on an influential article
 written three decades ago by Harvard chemist F. H.
 Westheimer, in which he addresses the issue of
  phosphate's importance. 
 Westheimer answers the question posed in the
 title on the basis of phosphate's unique properties.
 For the sake of brevity, we will consider only one
 aspect of phosphate's biological importance
 among those he discussed—its part in the back-
bones of RNA and DNA. Recall that phosphate
 forms a link between two nucleosides by reaction
 with their respective sugars (see § ., “Going
 Further: Nucleic Acids”). The linkage is shown
 schematically in figure ., where we have left 
 out the details of the sugar molecules and their
 attached nucleobases to focus on the phosphate
 link. Reading the atoms in the backbone at the
 link, they are C-O-P-O-C. There are two important
 features of this link that figure in the chemistry of
 RNA and DNA. First, the C-O bonds are suscep-
tible to hydrolysis, breaking apart by reaction with
 water. Second, there is, as shown in the figure, a
 negative charge on one of the oxygen atoms not
 bonded to the carbon.
 The presence of the charge is extremely im-
portant. First, it makes RNA and DNA much more
 soluble in water. Second, it makes the loss of these
 molecules by diffusion through the cellular mem-
 7
 F. H. Westheimer, “Why Nature Chose Phosphate,”   Science   
  (): -. 
 brane much less likely. Charged entities have much
 greater trouble passing through the hydrophobic
 hydrocarbon interior of a membrane than un-
charged ones, for the same reason that sodium
 ions and chloride ions (from table salt) do not dis-
solve in a hydrocarbon such as gasoline. Third, and
 equally important, the presence of the charge
 makes the hydrolysis less likely to occur and hence
 preserves the nucleic acids in an aqueous medium.
 The reason for this effect is that the hydrolysis re-
action occurs via an “attack” by the negative end of
 a water molecule, an oxygen atom, on one of the
 carbon atoms attached to the phosphate. The
 presence of the negative charge on the nearby
 oxygen repels the invading water's negatively
 charged oxygen, thereby making the reaction
  much less likely. 
 Only phosphorus among the eligible atoms pro-
vides the functionality described above. Its
 neighbors on the periodic chart do not qualify. Sul-
fates (SO–) have two places for attachment, but
 the attachment would leave no charge. Silicates
 (SiO–) also can form the double linkage, but at pH
 values near ., where living systems normally
 occur, the oxygens would have positive hydrogen
 ions attached, hence again no charge. Arsenates
 (AsO–) present an interesting alternative but can
 be rejected on two counts. Arsenic is more likely to
 be in a lower oxidation state, in which case it is
 poisonous. Second, the C-O-As linkage is much
 more rapidly hydrolyzed than the C-O-P link.
 ... Alister McGrath's interpretation of   rationes
 seminales.   Many of the foregoing examples illus-
trating the functional integrity and ministerial
  sugar 
 O
 P
 H
 H
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 Figure ..   Phosphate linkage in RNA or DNA.
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 nature of creation that made possible the origin of
 life on Earth have been discussed in a recent work
 by the British biochemist-cum-theologian Alister
 McGrath.   McGrath develops these ideas via a
 modern extension of Augustine's concept of   ra-
tiones seminales, a subject we introduced in
  section .. 
 Rationes seminales, which means “seed prin-
ciples,” was a term used by Augustine to refer to
 God's action in bringing forth life in the original
 creation event as well as in the present. Augustine's
 reference to present manifestations was inter-
preted by some modern readers to mean sponta-
neous generations of life. In contrast, McGrath
 interprets Augustine in a less literal sense. Rather,
 he suggests that the “notion of the seed is heuristic,
 providing an inexact . . . means of visualization for
 the theologically difficult notion of a hidden force
 within nature through which latent things are
 enacted.”   In other words, Augustine's “seeds” rep-
resented dormant potencies invested by God in
 creation, which were actualized at later times
  through divine providence. 
 McGrath's modern expansion of this Augus-
tinian idea clearly resonates with the concept of
 the functional integrity of the creation for the
 origin of life. He regards the life-affirming chemical
 properties inherent in nonliving matter as
 “emergent” and suggests that “Augustine's image of
 the dormant seed, awaiting the right environ-
mental conditions for germination, is a helpful
 analogue for understanding how certain chemical
 properties emerge under appropriate 
 circumstances.”   This is another way of thinking
 about creation's functional integrity and how it
 might fulfill divine purposes.
 ... Alternative interpretations and the question of
 the probability of life's origin.   Unsurprisingly, not
 everyone interprets these manifestations of life-
 8
  McGrath, 
  Fine-Tuned Universe. 
 9
  McGrath, . 
  10 
  McGrath, . 
 affirming properties of our world in the same
 manner that we have. Among Christians who
 would attribute the existence of these properties to
 divine providence, there remains sharp dis-
agreement about their role in a developmental
 sense. For instance, typically the proponents of
 intelligent design (ID), most of whom are Chris-
tians, would identify these life-affirming prop-
erties as evidence in support of their design thesis
 but would object to the ideas suggested by origin-
of-life theorists regarding how life might have
 emerged through a process that exhibited these
 properties. Thus Stephen Meyer in his   Signature in
 the Cell   spends a good portion of the book detailing
 the extraordinary capacities of biomolecules, espe-
cially DNA, but has nothing but sharp criticism for
 all of the modern scientific attempts at explaining
 life's origin.   He makes no suggestions regarding
 mechanisms the designer may have employed in
 bringing life into being. The default position,
 though not explicitly stated, would seem to be fiat
 creation—that is, a creation without process, an
 unmediated form of creation in contrast with at
 least the doctrine of creation's focus on the work of
 the Son and Spirit through creation's properties
 and processes (§§ .., ..).
 In contrast to Meyer, another pair of commen-
tators, Fazale Rana and Hugh Ross, representatives
 of the Christian organization Reasons to Believe,
 are much more explicit. In their book   Origins of
 Life: Biblical and Evolutionary Models Face Off,
 they argue that the fact that life occurred so sud-
denly on a geological timescale after it became
 environmentally feasible following the Late Heavy
 Bombardment indicates that there was not suffi-
cient time for an origin resulting from an unguided
 “natural” process. Instead, they postulate the
 “reasons to believe” (RTB) model. In their terms,
 “the model ascribes life's origin to God's direct cre-
ative activity soon after the time of Earth's
  11 
  Stephen C. Meyer, 
 Signature in the Cell: DNA and the Evidence
 for Intelligent Design   (New York: HarperCollins, ).
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 formation.”   This approach also stands in sharp
 contrast with the doctrine of creation's focus on the
 work of the Son and Spirit through creation's prop-
erties and processes (§§ .., ..).
 A related question about which opinions differ
 widely regards the probability of life's origin. On
 this question, the ID and the RTB positions share
 a common view. Both Meyer and Rana/Ross argue
 that the likelihood of life's origin through natural
 chemical/physical processes alone was exceedingly
 small. In fact, Meyer's argument for ID critically
 depends on this claim of a low probability. He
 argues that the great complexity of life indicates an
 extremely small likelihood for its origin, therefore
 requiring the postulate of a designer.
 Meanwhile, some secular commentators have
 seen in the relatively sudden appearance of life
 reason to think that the origin of life on the pri-
mordial Earth had a high probability of occurrence.
 For instance, in light of the evidence that life ap-
peared nearly four billion years ago on Earth, Peter
 Ward and Donald Brownlee suggest that it “arose
 here almost as soon as it theoretically could. Unless
 this occurred utterly by chance, the implication is
 that nascent life itself forms—is synthesized from
 nonliving matter—rather easily.”   Many astrobi-
ologists seem to share this view, and it has been
 argued that it can be supported on a statistical
 basis.   However, the presumption of a high prob-
ability of life's origin based on its sudden ap-
pearance has been called into question recently,
 again on a purely statistical basis.   David Spiegel
 and Edwin Turner contend that the fact that it took
  12 
 Fazale Rana and Hugh Ross,
 Origins of Life: Biblical and Evolu-
tionary Models Face Off   (Colorado Springs: NavPress, ), .
  13 
 Peter D. Ward and Donald Brownlee,   Rare Earth: Why Complex
 Life Is Uncommon in the Universe   (New York: Springer-Verlag,
  ), xix. 
  14 
 Charles H. Lineweaver and Tamara M. Davis, “Does the Rapid
 Appearance of Life on Earth Suggest That Life Is Common in
 the Universe?,”   Astrobiology    (): -.
  15 
 David S. Spiegel and Edwin L. Turner, “Bayesian Analysis of the
 Astrobiological Implications of Life's Early Emergence on
 Earth,”   Proceedings of the National Academy of Sciences   
  (): -. 
 roughly three billion years after life's beginning for
 the evolution of intelligent beings has to be taken
 into account. When they factor this into their sta-
tistical analysis, the probability of life's origin on
 Earth or an Earth-like planet remains less certain.
 They conclude that an extremely low probability
 cannot be ruled out. But these approaches are basi-
cally purely statistical and do not address the
 question directly in the light of current origin-
 of-life science. 
 So what do origin-of-life scientists have to say
 on this issue? And what might be the philosophical/
 theological implications of a very high or a very
 low probability for life's origin?
  23.2. LIFE ACCIDENTAL 
  OR INTENTIONAL? 
 Developments in biochemistry and molecular bi-
ology in the time since Stanley Miller's prebiotic
 simulation experiments in  have expanded
 enormously our recognition of life's complexity.
 These findings have increased the difficulty of ex-
plaining how life got started on this planet. They
 have also raised accompanying questions about
 the probability of its appearance on Earth or
 Earth-like planets. Responses to these questions
 lead to deeper philosophical/theological queries
 about their implications. Was the origin of life an
 accident or a miracle? Was it intentional or not?
 How does a particular viewpoint about the prob-
ability of life's appearance influence our answers
  to these questions? 
 ... Some less optimistic views of scientists on life's
 probability.   Scientists who have taken the view
 that life's origin was an extremely unlikely occur-
rence include some very prominent individuals.
 For instance, in  Nobel laureate physiologist
 Jacques Monod wrote a widely read book titled
 Chance and Necessity, in which he states, “At the
 present time we have no legitimate grounds for
 either asserting or denying that life got off to but
 a single start on earth, and that, as a consequence,
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 before it appeared its chances of occurring were
 next to nil.”   According to Monod, the appearance
 of life on Earth was a pure stroke of luck—in his
 words: “Our number came up in the Monte Carlo
 game.”   In a similar vein, prominent evolutionary
 biologist Ernst Mayr writes, “A full realization of
 the   near impossibility   of an origin of life brings
 home the point of how improbable this event was.”
 Francis Crick, the Nobel laureate for his discovery
 of DNA structure contends that “the origin of life
 appears at the moment to be almost a miracle, so
 many are the conditions which would have had to
 have been satisfied to get it going.”
 Richard Dawkins, an apologist for an atheism
 rooted in evolutionary science, reflects on the
 question of the likelihood of life's origin in his book
 The Blind Watchmaker. He recognizes that evolu-
tionary development requires a replicable mo-
lecular entity and that natural selection is pow-
erless in explaining the origination of the first
 self-replicating entity. He assumes that the proba-
bility of the first self-replicator might be very small
 and asks, “How   improbable, how   miraculous, a
 single event we are allowed to postulate. What is
 the largest single event of sheer naked coincidence,
 sheer unadulterated miraculous luck that we are
 allowed to get away with in our theories, and still
 say that we have a satisfactory explanation of life?”
 Dawkins answers this question by appealing to
 the possibly large number of Earth-like planets
 some believe likely to exist in our universe. He
 argues that even if the probability of life's occur-
rence on Earth is a very small number, say one in
 a billion, if the number of Earth-like planets is
  16 
  Jacques Monod, 
 Chance and Necessity: An Essay on the Natural
 Philosophy of Modern Biology   (New York: Knopf, ), .
  17 
 Monod, . Monte Carlo is the name of a famous casino in
  Monaco. 
  18 
  Ernst Mayr, 
 The Growth of Biological Thought   (Cambridge, MA:
 Harvard University Press, ), .
  19 
  Francis Crick, 
 Life Itself: Its Origin and Nature   (New York:
 Simon & Schuster, ), .
  20 
  Richard Dawkins, 
 The Blind Watchmaker   (New York: W. W.
  Norton, ), . 
 much larger, then life's appearance in a given in-
stance such as Earth should not be viewed as un-
likely. For example, if the number of Earth-like
 planets is one hundred billion billion, then the
 number of planets in our universe that contain life
 would be (/billion) × ( billion billion), or one
 hundred. In other words, life on Earth, though a
 low-probability event, would not be an uncommon
 event when considering the universe as a whole.
 Specifically, he proposes that “the maximum
 amount of luck that we are allowed to assume,
 before we reject a particular theory of the origin of
 life, has odds of one in   N, where   N   is the number
 of suitable planets in the universe.”
 MIT philosopher of science Roger White inter-
prets Dawkins's proposal to mean that the lowest
 probability that we can accept in a given instance
 is equal to [ – ( – /N)N].   It is instructive to
 consider how White arrived at this equation on the
 basis of Dawkins's proposal. In general, the sum of
 all probabilities must equal one:
 Equation :  = (probability of life) + (probability
  of no life) 
 Using Dawkins's limiting criterion, if we substitute
 /N   for probability of life and rearrange this
  equation, we obtain: 
 Equation : (probability of no life) =  – /N
 If there are   N   instances (i.e.,   N   suitable planets),
 then the probability of no life in   N   instances equals
 the probability of no life in a given instance multi-
plied   N   times, or
 Equation : (probability no life in   N   cases) = ( –
  /N)N 
 Applying this result in equation  yields:
 Equation : (probability of life in   N   cases) =  –
  ( – /N)N 
  21 
  Dawkins, . 
  22 
 Roger White, “Does Origin of Life Research Rest on a Mistake?,”
 NOUS    (): -.
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 If there is only one planet, the probability of life
 would have to be one using this criterion, or in
 other words absolutely certain. For   N   = , the prob-
ability would be one-half for a given instance and
 three-quarters, or ., overall. For   N   = , the
 probability overall equals .. For   N   = , the
 probability overall equals ., and it does not get
 smaller than that as   N   grows.   Thus, using
 Dawkins's criterion that the probability of life on
 an Earth-like planet in an acceptable scenario for
 life's origin should not be less than one divided by
 the number of Earth-like planets, the limiting con-
dition yields odds of life existing at least once in
 the universe at almost two chances in three. Or, to
 put it another way, based on Dawkins's rough es-
timate of one hundred billion billion (or )
 Earth-like planets, if the probability of life oc-
curring on Earth is /, there would be slightly
 less than a two-to-one chance of life appearing
 once in the universe.
 It is useful to generalize White's formula in the
  following manner: 
 Equation : (probability of life) =  – ( – /L)P
 where /L   represents the probability of life on a
 typical suitable planet and   P   represents the number
 of suitable planets. Note that   L   cannot be smaller
 than  (L   =  would mean life on an Earth-like
 planet is absolutely certain), but it could be very
 large (very low probability of life on an Earth-like
 planet). Clearly, for   P   much larger than   L, the prob-
ability of life occurring somewhere in the universe
 approaches one, while for   L   much larger than   P   it
  approaches zero. 
 Dawkins expresses the opinion that life is com-
monplace throughout the universe, and this
 probably is representative of a majority of scien-
tists in the field. It is equivalent, in terms of our
 equation, to saying that   L   is very much smaller
 than   P. In fact, in the opinion of many scientists,   L
  23 
 For the more mathematical reader, it can be shown that as   N
 gets very large, ( – /N)N   approaches   e–, which is equal to
 .. Thus  – ( – /N)N   approaches ..
 may be as small as one. They believe that the ap-
pearance of life on Earth was not a freakish ac-
cident but was virtually inevitable, and therefore
 life is very abundant in the universe as well. It is
 time to pause and ask the question, How small is   L,
 or how large is /L? In simple terms, what can we
 say about the probability of life's occurrence on an
 Earth-like planet? Is it virtually certain (L   = ), or
 is life very improbable (L   = a really big number,
 maybe as large or even larger than   P, the number
 of Earth-like planets in our universe), or is it some-
 where in between? 
 ... Estimating the probability of life's origin on
 Earth-like planets.   We are faced with a difficult task.
 Our purpose is to estimate /L   for Earth-like
 planets. Our only recourse is to consider the prob-
ability of life's origin on Earth itself, since it is the
 only planet that we know of where life has oc-
curred, and, of course, the planet about which we
 have the most knowledge. However, as we have
 documented in our discussion of origin-of-life
 science to this point, we do not have much con-
fident knowledge about prebiotic conditions on
 Earth, nor do we have any clarity at all about how
 life came into existence. We have numerous dif-
ferent hypotheses and approaches, each vying for
 ascendance in the current scientific milieu. They
 differ in terms of specificity and in ease of making
 rational judgments about probabilities.
 Rather than throw up our hands in dismay, we
 will start by choosing perhaps the most popular
 scenario and consider how to approach the
 question of probability for the sequence of events
 in its origin-of-life story. We will consider the RNA
 world. Our purpose will be to illustrate the diffi-
culty of the task of assigning probabilities. We
 cannot hope to arrive at a number in which we can
 place much confidence because of the magnitude
 of uncertainties involved, but hopefully we will be
 able to develop some ideas about appropriate con-
clusions regarding life's probabilities on Earth and
 elsewhere. Some of the more detailed aspects get a
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 bit more mathematical, so we will tuck those away
 in “Going Further: Sequence Space and Probability,”
 which readers interested in the details may consult.
 The full RNA world story involves several stages
 and may vary considerably depending on the
 version. To this point we have considered only the
 initial stages of one particular version (see chaps.
  -). It begins with the appearance at one or 
 more locations on Earth of a primordial soup. The
 next stage involves the formation of cell-like struc-
tures in this soup, the so-called protocells. Pre-
sumably some of these protocells contained self-
replicating RNA molecules that formed
 simultaneously with the cell formation or soon
 thereafter. The possible involvement of polypep-
tides (forerunners of modern proteins) as catalytic
 helpers during this stage remains an open question.
 The following stages, which we only mentioned in
  chapter twenty-two, begin with the initiation of 
 protein construction by a form of RNA, the fore-
runner of ribosomal RNA. The proteins produced
 then begin to take over most of the catalytic re-
sponsibilities from RNA. Next, some of the RNA
 converts to DNA, which becomes the repository for
 biological information in RNA's stead. In the final
 stage leading to the LUCA, the roles of DNA, RNA,
 and protein become comparable to those that exist
 in the simplest of modern cells.
 We need to begin by recognizing that the proba-
bility of arriving at the LUCA starting from condi-
tions on the prebiotic Earth is equal to the product of
 the probabilities of each stage leading to that point.
 So, if the probability of completing stage one is one-
half, and of passing through stage two is also one-
half, the overall probability of success is one-fourth,
 even if all the other stages that follow are achievable
 with absolute certainty (probabilities = ).
 At the risk of gross oversimplification, we will
 focus on just the first two stages, perhaps the most
 crucial ones: those leading to the formation of RNA
 self-replicators. This is tantamount to assuming
 that all the other stages have probabilities rea-
sonably close to one. Opinions would probably
 vary widely among scientists about the validity of
 such an assumption. For instance, biologist Eugene
 Koonin views the initiation of RNA's capability of
 translating its information content into proteins as
 the breakthrough step enabling Darwinian evo-
lution. He further contends that based on our
 current knowledge it is reasonable to view this step
 as an extremely improbable occurrence.   Never-
theless, to keep things relatively simple, we will
 focus on only the early stages while keeping in
 mind that it can be argued that later stages have
  low probabilities. 
 Consider the first stage: What is the likelihood
 of a primordial soup occurring somewhere on pre-
biotic Earth that contains activated nucleotides
 ready for polymerization? Hidden in this question,
 of course, is the issue of how much time there is for
 this stage. The chemical processes are relatively
 fast on a geological timescale, so the question re-
lates to how many opportunities might have oc-
curred to produce the right soup, which depends
 on how long the stage lasted or how long the nucle-
otides or proteins and their precursors would have
 survived in the soup. Was the soup widespread on
 the Earth (i.e., were there many places that the
 right conditions existed for its formation)? Or
 maybe much of the prebiotic chemical starting ma-
terials came via comets and meteors. We cannot be
 sure about the latter because our sampling is
 limited, and whether the organic molecules would
 have survived the high temperatures involved
 during impact with the Earth is an open question.
 Lacking any direct evidence, these are all matters
  open to speculation. 
 Then there is the difficulty of producing the pre-
cursors of the activated nucleotides in controlled
 laboratory processes. Recall that even in cases
 where laboratory successes have occurred, there
 has been criticism of scenarios based on these
  24 
  Eugene Koonin, 
 The Logic of Chance: The Nature and Origin of Bio-
logical Evolution   (Upper Saddle River, NJ: FT Press Science, ).
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 laboratory successes. Shapiro argued that these
 scenarios were comparable to a golf ball playing
 itself around the golf course via fortuitous natural
 causes (§ .). For all of these reasons, one would
 have a sound basis for questioning whether there
 is a strong likelihood of achieving a viable broth of
 the monomers, a prerequisite for making the RNA
 polymer, and therefore the reasonableness of ex-
pecting the appearance of a functional RNA repli-
cator. Stage one may have a very low probability,
 but it is difficult to arrive at any certain conclusion
 based on our current knowledge.
 While obtaining a viable primordial soup of
 nucleotides is a challenge, the formation of a func-
tional replicator from the soup may be an even
 greater one. Before going any further, we should
 first recognize that fundamentally we are again
 asking the question we posed back in chapter 
  twenty-one  about the likelihood of the origin of 
 biological information. Our purpose is to attempt
 to evaluate the probability of a functional RNA
 molecule appearing in a primordial soup. The
 functionality depends on the sequence of nucleo-
tides in the polymer. This corresponds to our defi-
nition of biological information, discussed in
  chapter twenty-one. 
 Recall that in our discussion of Joyce and Or-
gel's “dream” in section .., there is the pos-
tulate of random formation of RNA strands with
 some of the strands having the capability of en-
gaging in self-replicating catalysis. There are
 several reasons for believing that this step may
 have a very low probability of success. First, there
 is the evidence from experimental attempts to
 produce replicating ribozymes in the laboratory,
 mentioned earlier in section ... These efforts
 involve a combination of molecular engineering
 and in vitro evolution in attempts to arrive at ri-
bozymes that can catalyze polymerization and
 therefore would be able to make copies of mole-
cules similar to themselves (i.e., to self-replicate).
 As indicated in section .., the best performers
 to date are very long (-mer) and capable of
 copying only certain sequences, not including
 their own. The length seems too great. To be a
 viable contender as an example of what might
 have occurred in a presumed RNA scenario, the
 length should be much smaller—perhaps as small
 as -mer or -mer.   But this seems too short for
 the molecule to be a replicator enzyme, based on
 experimental attempts to produce replicators to
 date. Some workers in the field remain optimistic
 about the promise of future success,   while others
  are less sanguine. 
 The second reason for doubt about the like-
lihood of this stage in this RNA world scenario is
 theoretical. It relates to the simple fact that the
 probability of RNA replicators -mer long arising
 via random assembly in a primordial soup would
 appear to be minuscule. We must first address the
 reasons for the choice of forty. There are several
 considerations that lead to the choice of -mer.
 The first involves the requirement of melting of the
 double-stranded RNAs in the process of repli-
cation (steps E and G in the dream in § ..). The
 longer the strand, the higher the melting temper-
ature. If too high a temperature is required, the
 RNA becomes much more susceptible to degra-
dation. A length of forty nucleotides is close to the
 upper limit according to current estimates.
 Could an RNA replicator be shorter than -
 mer? There are reasons to believe not.   First, there
 is consideration of what might be the shortest RNA
 still capable of folding into a structure that would
 be catalytically active. If an RNA molecule is
 shorter than around -mer, it is not likely to be
  25 
  Christian de Duve, 
 Singularities: Landmarks on the Pathways of
 Life   (Cambridge: Cambridge University Press, ), .
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 Gerald F. Joyce, “A Glimpse of Biology's First Enzyme,”   Science
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 Jack W. Szostak, “The Eightfold Path to Non-enzymatic RNA
 Replication,”   Journal of Systems Chemistry    (): .
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  Szostak. 
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 Michael P. Robertson and Gerald F. Joyce, “The Origins of the
 RNA World,”   Cold Spring Harbor Perspectives in Biology   
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 able to fold into a structure that would allow it to
 have catalytic functionality. Even if an RNA shorter
 than -mer were to have some catalytic ability, the
 issue of error propagation in copying from one gen-
eration to the next (already alluded to in § ..)
 would likely become a problem. According to a
 theory developed by biophysical chemist and
 Nobel laureate Manfred Eigen, for a replicating
 RNA to evolve in a Darwinian-like manner there
 must be some variance in the copying (i.e., errors
 in copying must occur). But if the error rate is too
 large, the group of RNAs (Eigen calls them a   quasi-
species) will die out because they will hydrolyze
 faster than they can copy and the errors will lead
 to many members of the species becoming poor
 copiers. Generally, it is expected that the larger the
 number of mers, the more accurate the copying.
 Too short a replicator would result in an   error ca-
tastrophe, meaning that the replicator quasi-
species would die out. Based on considerations
 such as these, Robertson and Joyce imagine a sce-
nario in which a -mer RNA replicates with suf-
ficient accuracy. They then ask whether such a
 molecule would be expected to occur within a
 population of random-sequence RNA.
 Their answer is given in terms of the amount of
 material that would be required to be assured of
 containing at least one copy of a particular self-
replicating RNA, known as   sequence space   (for a
 fuller account of sequence space, see “Going
 Further: Sequence Space and Probability,” below).
 This value turns out to be about one gram. But a
 self-replicating RNA must copy another RNA mol-
ecule (its complement) to reproduce itself. When
 this is taken into consideration, the quantity re-
quired balloons to   grams. As Robertson and
 Joyce point out, this is comparable to the mass of
 the Earth, which is another way of saying that it is
 a very unlikely possibility. In fact, these authors
 admit the implausibility of the emergence of an
 RNA replicator from a soup of polynucleotides by
 a purely random process.
 As an alternative to a completely random
 process, Robertson and Joyce propose a sequence
 of untemplated and templated reactions to
 produce RNAs capable of catalytic self-replication.
 Functional RNA molecules contain “stems” and
 “loops” that allow for different folding patterns.
 The tRNA “doll” from figure .  illustrates this. In 
 general, functional ribozymes are composed of
 alternating stems and loops like our tRNA doll.
 The doll's body, arms, and neck are templated
 stretches of nucleotides involving Watson-Crick
 pairing, while the hands and head are untem-
plated (fig. .). If such sequences alternated, a
 variety of folding patterns could ensue. Moreover,
 if the sequences in the stems (bodies and arms)
 are relatively unimportant, and only the untem-
plated regions are critical for specific catalytic
 function, the likelihood of there being more func-
tional RNAs is increased. The feasibility of such a
 scheme, however, remains rather speculative, and
 its probability impossible to evaluate.
 Later in the same article Robertson and Joyce
 discuss another serious problem for the standard
 RNA world scenario involving replicator for-
mation. It has been known for over a decade that
 the template-directed synthesis of RNA chains
  AC 
  templated 
  “stems” 
  untemplated 
  “loops” 
 U
 Figure ..   tRNA “doll” illustrating alternating templated and
 untemplated regions of RNA.
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 using right-handed nucleotides (step C in the dream)
 is inhibited by the presence of left-handed chains.
 This phenomenon, known as cross-inhibition,
 presents yet another difficulty to overcome in the
 hypothesized scenario for replicator formation.
 The following quote from the third edition of
 The RNA World   reflects the opinion of two key
 players in the development of the RNA world ap-
proach, Joyce and Orgel:
 Scientists interested in the origins of life seem to
 divide neatly into two classes. The first, usually
 but not always molecular biologists, believe that
 RNA must have been the first replicating mol-
ecule and that chemists are exaggerating the dif-
ficulties of nucleotide synthesis. They believe
 that a few more striking chemical “surprises”
 will establish that a pool of racemic mononucle-
otides could have formed on the primitive Earth,
 and that further experiments with different ac-
tivating groups, minerals and chiral amplifi-
cation processes will solve the enantiomeric
 cross-inhibition problem. The second group of
 scientists are much more pessimistic. They be-
lieve that the de novo appearance of oligonucle-
otides on the abiotic Earth would have been a
 near miracle. (The present authors subscribe to
 this latter view.) Time will tell which is correct.
 The same paragraph occurs in the later article by
 Robertson and Joyce, although the parenthetical
 comment is excluded.   Orgel died in .
 ... Alternative approaches.   A reasonable con-
clusion based on the foregoing discussion of
 current origin-of-life science is that an estimate of
 the probability of life's appearing on Earth fol-
lowing the RNA scenario of the dream, while not
 easily estimable, may be very small. Terms such as
 “near miracle” would certainly be consistent with
  30 
 Gerald F. Joyce and Leslie E. Orgel, “Progress Toward Under-
standing the Origin of the RNA World,” in   The RNA World, rd
 ed., ed. Raymond F. Gesteland, Thomas Cech, and John F. At-
kins (Cold Spring Harbor, NY: Cold Spring Harbor Laboratory
  Press, ), . 
  31 
 Robertson and Joyce, “Origins of the RNA World,” .
 probability estimates close to zero. Could it be as
 small as /  (Dawkins's arbitrary limit), which
 yields roughly a two-in-three chance of it hap-
pening anywhere in the known universe? Or is it
 much larger, say, /, but still very small? In this
 latter case, the probability would be small on the
 Earth but great in the universe as a whole because
 of the presumed large number of suitable planets.
 Whatever the case, origin-of-life scientists who
 accept the tenets of the RNA world approach are
 inclined to seek alternative factors that would raise
  the probability estimate. 
 Alternative suggestions do exist. For example,
 Christian de Duve has proposed that catalysis must
 have helped in the formation of RNA polymers.
 He suggests several possible sources for this ca-
talysis, including metal-rich surfaces as well as his
 multimers from the   gemisch   of the primordial soup
 (§ ..). De Duve is not totally committed to the
 necessity of a self-replicating ribozyme as being
 the ultimate step in producing a system that could
 undergo Darwinian-like evolution. He seems sat-
isfied with just a template-based RNA system that
 could be replicated through the catalytic assistance
 just described. In contrast, origin-of-life scientists
 committed to a purer RNA world scenario tend to
 consider the attainment of a self-replicating ri-
bozyme as a crucial step and view it as critical for
 the initiation of biological evolution. For instance,
 Robertson and Joyce pose the issue in terms of an-
other chicken-and-egg paradox: “Without evo-
lution it appears unlikely that a self-replicating ri-
bozyme could arise but without some form of
 self-replication there is no way to conduct an evo-
lutionary search for the first primitive self-repli-
 cating ribozyme.” 
 Metabolists, who argue for the alternative to ge-
neticists' RNA-first approach, may be inclined to ap-
plaud the honest admission of challenges faced by
 the RNA world supporters summarized in the Joyce
  32 
  De Duve, 
  Singularities. 
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 Robertson and Joyce, “Origins of the RNA World,” .
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 and Orgel quote at the end of the previous section.
 Problems in the RNA world would seem to make
 more attractive a proteins-first proposal. Never-
theless, even in the event that an extensive metabolic
 system developed before some form of genetic mol-
ecules appeared on the scene, at some point a repli-
cating system based on an RNA or RNA-like mol-
ecule must come into existence. In attempting to
 estimate the probability of a scenario in which
 protein-like enzymes somehow catalyzed the for-
mation of nucleotides and oligonucleotides so that
 they could begin to function as the storage molecules
 for biological information, it seems that we would
 likely be faced with challenges similar to those de-
scribed in the previous section. At some point a func-
tional genetic molecule must appear, and it is not
 immediately evident that the probability of this hap-
pening would be improved by postponing it until
 after metabolic processes had become established.
 Furthermore, in the absence of a template-based rep-
licating system, the question of how a metabolic
 system can perpetuate itself remains.
 Meanwhile, modification of the RNA world sce-
nario has also been proposed. Recently Szostak has
 suggested that a catalytic self-replicator may not
 be necessary to initiate Darwinian-like evolution.
 He proposes that the formation of protocells con-
taining at least one type of functional ribozyme
 capable of imparting a selective advantage to the
 protocells would be the minimal requirement for
 evolutionary development. The ribozyme would
 have to be able to replicate, but Szostak suggests, in
 agreement with de Duve, that template-driven
 copying (steps B and C in the Orgel-Joyce dream)
 might be enough, thus excluding the requirement
 of formation of a ribozyme capable of catalyzing its
 own replication. Szostak enumerates all of the
 challenges that such a scenario would face. They
 are numerous; in fact, he lists eight of them. He
 discusses reasons why they may not be very prob-
lematic as well as experimental approaches to test
  34 
 Szostak, “Eightfold Path to Non-enzymatic RNA Replication.”
 his proposal. As discussed in section .., tem-
plate syntheses involving oligonucleotides have
 seen very limited success to date. Thus, as Szostak
 freely admits, confirmation of his proposal awaits
 much future experimental investigation.
 Other proponents of the RNA world suggest the
 alternative of various forms of molecular coopera-
tion.   Instead of the single self-replicator RNAs
 pictured in the dream scenario assembling copies
 one nucleotide at a time, they propose various al-
ternatives that involve multiple different RNAs
 working together to give rise to self-replicating
 systems. These include the collectively autocata-
lytic systems (CAS) of Kauffman (§ .), but with
 RNAs in place of Kauffman's polypeptides, as well
 as autocatalytic systems similar to those developed
 by Joyce (§ ..) but involving more than just two
 strands of RNA per ribozyme. Paul Higgs and Niles
 Lehman are optimistic about the research along
 these lines, but in the end they raise many still-
unanswered questions, including, for example,
 how long the first ribozymes were, whether life
 was sparked by a single polymerase or a random
 autocatalytic set, and what the energy source for
 the RNA world was.
 Finally, there are those who suggest that a low
 probability of life's occurrence can be offset by
 there being a large number of trials. We have al-
ready considered such a proposal by Deamer in
 section .. Recall that Deamer proposes a huge
 number of encapsulation events, essentially at-
tempts at protocell formation, happening at many
 locations, perhaps over an extended period of time.
 The argument is that even if the likelihood of
 success for a given instance is infinitesimally small,
 if the number of trials is virtually infinite, the prob-
ability of success may be large. Thus Deamer sug-
gests that life's occurrence on an Earth-like planet
 could be quite probable. Such proposals are hard
  35 
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 to evaluate in anything approaching precision be-
cause of the huge unknowns involved.
 ... Implications for origin-of-life science.   Origin-
of-life scientists cannot remain passive if their sce-
narios predict low probabilities. In the face of
 theoretical predictions of a low probability for life's
 origin on Earth, as exemplified in the previous
 section, they seek ways to modify their proposed
 scenarios to make the origin of life appear more
 theoretically likely, all within the limits set by
 current scientific principles and laws (creation's
 functional integrity). Implicit in all of these at-
tempts at resolving the probabilistic challenges
 faced by origin-of-life scenarios is the assumption
 that an understanding of how life arose is
 achievable via modern scientific theory and ex-
perimentation. This raises an important question:
 Supposing that the origin of life on Earth was a
 very low-probability event, is it reasonable to
 expect scientific investigation to reveal how it hap-
pened? In other words, is a low probability for life's
 appearance on Earth consonant with a belief in the
 ability of origin-of-life science to succeed?
 The answer to this question seems to be in the
 negative. Science historian Iris Fry has argued that
 belief in the high probability of life's origin on
 Earth is a philosophical prerequisite for engaging
 in origin-of-life science.   She suggests that the sci-
entific community can be divided roughly into two
 camps. The “law camp” includes those who are
 proponents of the thesis that under suitable condi-
tions the emergence of life is highly probable and
 therefore susceptible to scientific explanation. Fry
 believes that, to be philosophically consistent,
 origin-of-life scientists must be members of this
 camp. The second group, the “almost a miracle
 camp,” includes those scientists who take the op-
posite position, claiming that life's origin was
 purely and simply a freak accident.
  37 
 Iris Fry, “Are the Different Hypotheses on the Emergence of Life
 as Different as They Seem?,”   Biology & Philosophy    ():
  -. 
 Members of the origin-of-life scientific com-
munity do not often explicitly address questions
 such as those posed above. However, when they do
 they argue in a manner that is consistent with Fry's
 thesis. Among those that Fry cites is Harold Mo-
rowitz, a biophysicist who has written extensively
 on the subject of life's origin. Morowitz suggests
 that there are three possible answers to the
 question of how life got started: () as the result of
 a divine act not susceptible to explanation via the
 laws of science; () as the result of many random
 events, making it essentially unique in a world gov-
erned by chance à la Monod; and () as “a deter-
ministic event, the result of the operation of the
 laws of nature,” an event that occurs “in a pre-
dictable way.”   Morowitz contends that if the
 second answer is correct, the origin of life being a
 unique event is not susceptible to scientific under-
standing, nor could it be repeated under experi-
mental conditions. He concludes, therefore, that “if
 we wish to undertake a   scientific   study of the origin
 of life, we must adopt the third view that the event
 is largely deterministic within the scope of or-
dinary physics and chemistry.”   Though Morowitz
 does not explicitly use the term   probability   in this
 discussion, Fry claims that Morowitz's choice of
 the third option clearly places him in the “law
 camp,” therefore committed to the high probability
 of life's origin on Earth.
 Fry cites de Duve as another origin-of-life sci-
entist who has been outspoken in his declared
 belief in the inevitability of life's origin. Though he
 admits that his own model is “burdened with un-
certainties,” he contends that it is “emphatically
  38 
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 Going Further: Sequence Space and Probability
 Theoreticians address the question of probability of a given sequence in a biopolymer such as RNA in terms of what is
 known as   sequence space. The sequence space for a linear molecule such as RNA is defined as the total number of possi-
ble different sequences. It is readily calculated if you know how many units (mers) are in the polymer and how many
 different monomers are involved in the polymer. For instance, if the polymer is just a dimer (two mers) and there are
 four different nucleotides possible, as in the standard RNA molecule, the sequence space is fully represented as follows:
  AAAGACAUGGGAGCGUCCCACGCUUUUAUCUG 
 or a total of sixteen. This number is calculable from   or    Nn, where   N   is the number of different nucleotides and   n   is the
  number of mers. 
 The sequence space is indirectly related to probability. The probability of a given sequence assembling from a solu-
tion containing a mixture of nucleotides depends on how large the sequence space is. Roughly speaking, the probability
 and sequence space are inversely related—the larger the sequence space, the smaller the probability of a given se-
quence. However, to be more precise you have to know some particulars. For example, the likelihood of a nucleotide
 occurring at a given position may differ depending on the nucleotide. It will also depend on the concentration of nucle-
otides in the solution in which the polymer is forming. In the foregoing example, if all of the nucleotides have the same
 tendency to connect at each position and if the concentrations of all the nucleotides are equal in solution, then the
 probability for each sequence depends only on the sequence space and equals simply its inverse, or one-sixteenth.
 Because the sequence space depends exponentially on the length of the polymer, it gets very large very fast as the
 polymer length grows. This is equivalent to saying that the probability of a given sequence gets very small very fast as
 the polymer gets longer. Often the sequence space is expressed in terms of the total mass of the sequence space. This
 quantity defines how large a quantity of material would need to be present so that there would be a reasonable likeli-
hood of observing each of the possible sequences. Table . illustrates values of sequence space and total mass for
 typical values of   n, assuming   N   =  for RNA and using the mass of A (adenine) for the calculation.
 To gain a sense of how large the sequence space is for long RNAs, the mass of the Sun is equal to about  ×   grams,
 meaning that the sequence space for   n   =  represents about forty million suns.
 As indicated in section .., when two sequences are required the sequence space expands dramatically. The
 reason for this is that the sequence space for one must be   multiplied   by the sequence space of the other, not added.
 Table ..   Number of sequences and total mass of RNA in sequence space as a function of number of nucleotides.
  Length, n (Nucleotides) 
  Number of Sequences 
  Total Mass (Grams) 
 5
  1.02 x 103 
  2.73 x 10-18 
  20 
  1.10 x 1012 
  1.17 x 10-8 
  30 
  1.15 x 1018 
  1.84 x 10-2 
  40 
  1.20 x 1024 
  2.58 x 104 
  60 
  1.33 x 1036 
  4.25 x 1016 
  100 
  1.60 x 1060 
  8.56 x 1040 
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 and unambiguously   deterministic” and that “if the
 model is correct, then anywhere in the universe
 where the conditions that prevailed in the early
 days of our planet should obtain, life would de-
velop in the same way.”   In another context he
 poses the question as to whether the origin of life
 is scientifically explainable. His answer is that
 origin-of-life scientists would answer in the affir-
mative. He contends that “no scientist could think
 otherwise, as this hypothesis represents the funda-
 mental postulate of any scientific investigation....  
 Independently of any preconceived idea, science
 must proceed on the assumption that the problems
 it approaches are soluble.”
 Since there are essentially no molecular fossils
 left from life's beginning to provide clues for how it
  41 
  Christian de Duve, 
 Blueprint for a Cell:
 The Nature and Origin
 of Life   (Burlington, NC: Neal Patterson, ), -.
  42 
 Christian de Duve,   Life Evolving
  (Oxford: Oxford University 
  Press, ), . 
 started, origin-of-life scientists from the time of
 Miller and Urey onward have sought to simulate
 presumed primordial conditions in their labora-
tories to reproduce the processes leading to life's
 origin. Empirical support for the various proposed
 scenarios for life's origin necessarily depends on the
 success of these laboratory simulations. Implicit in
 this experimental approach is the assumption that
 both Morowitz and de Duve make explicit—that
 the origin of life was not a freakish or unique event,
 and therefore not predictable on a scientific basis
 (as claimed by Monod), but rather a phenomenon
 susceptible to scientific investigation through labo-
ratory simulations. This places most origin-of-life
 scientists in the “law camp,” according to Fry,
 thereby requiring an implicit if not explicitly stated
 belief in a high probability for life's origin.
 Meanwhile the question of the probability of
 life's origin in the larger scientific community re-
mains an open one. Many scientists outside and
 Recall that this is the way probabilities work. If the chance of one thing happening is one-half and the chance of a second
 thing happening is also one-half, then the probability of both happening is ½   ×   ½, or one-fourth. Sequence space is
 inversely proportional to probability, so it works the same way.
 There are some assumptions hidden in the sequence-space calculations represented in the table. First, recall that
 only D-ribose occurs in RNA, but there is no a priori reason to expect anything other than equal amounts of nucleotides
 made from L-ribose in a prebiotic soup. If this is taken into account, the value of   N   is doubled, since our previous formula
 for sequence space,   Nn, must be multiplied by n. A second assumption involves the links between nucleotides. As dis-
cussed in chapter twenty, there are two different ways that connections can occur between nucleotides, ʹ-ʹ and ʹ-ʹ. 
 There is no a priori reason to expect that the right one, ʹ-ʹ, would be preferred. If this is taken into account, it would
 almost double the value of   N   in our calculation of sequence space. The actual multiplier would be n–    because the
 number of connections between nucleotides is one less than the number of nucleotides. When the effects of these two
 changes are taken into account for a length of -mer, the sequence space comes to .   ×   g. This is comparable to
 the mass of the Earth and is considerably larger than the table value where these factors are ignored.a
 Finally, we need to remind ourselves that the sequence space is calculated assuming a search for one particular se-
quence of nucleotides. It is quite likely that many more than one sequence could have functionality, but what propor-
tion of all possible sequences would be able to perform as self-replicators, for instance, is anyone's guess, but it is likely
 to be rather small.
 a
 We have not considered sugars other than ribose or more nucleobases than the standard four. If we include all of the possible four-, five-, and six-carbon
 sugars plus other bases, the sequence space would grow astronomically.
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 even some within the origin-of-life community
 seem less convinced of life's certainty than are Mo-
rowitz and de Duve. We have previously noted the
 opinion of the biologist Koonin that life's origin is
 exceedingly improbable. In contrast, George White-
sides, professor of chemistry at Harvard and
 member of the council that directs its Origin of
 Life Initiative, reflects on the difficulty of choosing
  between either alternative: 
 But how likely is it that a newly formed planet,
 with surface conditions that support liquid water,
 will give rise to life? We have, at this time, no clue,
 and no convincing way of estimating. From what
 we know, the answer falls somewhere between
 “impossibly unlikely” and “absolutely inevitable.”
 We cannot calculate the odds of the spontaneous
 emergence of cellular life on a plausible prebiotic
 earth in any satisfying and convincing way.
 ... The origin of life: Was it intentional?   In pre-
vious chapters our discussion of the origin of life
 has involved a consideration of scientific attempts
 to describe   how   life began. In the process we ex-
plored in some detail the chemical processes that
 researchers have proposed as possible ways that
 life got started. We began the current chapter with
 an emphasis, based on the doctrine of creation,
 that life's origin was intentional. We circle back
 now to what is arguably the more significant
 question—why   did life come into existence?
 Frequently the questions of how and why are
 conflated. For instance, consider the following
 quote from Richard Dawkins:
 Nobody has yet invented the mathematics for
 describing the total structure and behavior of a
 physicist, or even one of his cells. What we can
 do is understand some of the general principles
 of how living things work, and why they exist at
 all. This was where we came in. We wanted to
  43 
 George Whitesides, “The Improbability of Life,” in   Fitness of the
 Cosmos for Life: Biochemistry and Fine-Tuning, ed. John D. Bar-
row, Simon Conway Morris, Stephen J. Freeland, and Charles L.
 Harper (Cambridge: Cambridge University Press, ), xvii.
 know why we, and all other complicated things,
 exist. And we can now answer that question in
 general terms, even without being able to com-
prehend the details of the complexity itself.
 It is evident that Dawkins is talking about   how
 living things work or   how   they came to be, not
 about the reason   why   they exist. For the atheist
 Dawkins, questions about why things exist, or in
 other words their purpose for existing, are them-
selves meaningless since he does not believe that
 physical reality is the result of the purposeful action
 of an agent. Perhaps we should not be surprised at
 his conflation of the terms   how   and   why. We should
 be careful to distinguish between questions of how
 things happened, the properties and mechanisms
 in creation by which they occurred, and questions
 of why they happened—their purpose.
 As we noted in previous subsections, the term
 accident   has been used by some prominent scien-
tists to describe the origin of life. Strictly speaking,
 accidents are not purposeful events. When some
 individual dies of a gunshot wound, the critical
 question is always, Was it an accident, or was it
 intentional? Clearly accidents and purposed events
 are mutually exclusive categories. If we claim that
 the origin of life was an accident, then we are si-
multaneously implying that it was not the conse-
quence of purposeful agency.
 Accidents are generally events that have a low
 probability of occurrence. Does it follow that
 events deemed as highly improbable and pur-
poseful events are mutually exclusive? The answer
 is   no. It is not difficult to think of examples of
 events that seem highly improbable that are ac-
complished by an intentional action of an agent.
 Consider the following hypothetical example.
 Someone backs their car out of the garage. Un-
known to them, there is a large tack lying on the
 driveway that punctures the right rear tire, and
 within about a mile the tire is completely flat. It
 appears to be an unfortunate accident, an event of
  44 
  Dawkins, 
  Blind Watchmaker, . 
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 very low probability. Also unknown to the driver
 was the fact that the next-door neighbor, who has
 been upset by the driver's teenager's tendency to
 play loud music at odd hours, has decided to take
 an unusual form of revenge by planting the tack in
 the driveway. The event was intentional, but it ap-
peared to the driver to be a low-probability event.
 The key word in the question we posed was   deemed.
 The driver deemed the event improbable. The
 neighbor's action was intentional, and it made the
 event highly probable, though improbable from
  the driver's perspective. 
 Back to the origin of life—we have attempted to
 document that the probability of life's appearance
 on Earth is unknown, ranging from impossibly
 unlikely to absolutely inevitable. What does this
 say about the question of its intentionality? Did life
 appear on Earth because, as the doctrine of cre-
ation affirms, it was God's intention that it do so?
 Clearly the sciences in their current state are not in
 a position to address that question. Our current
 ignorance makes the issue a nonstarter.
 But a more critical question would be, Is scien-
tific inquiry under any circumstances able to ad-
dress the question of intentionality? As long as the
 likelihood of life's origin seems very small, we
 might be inclined to attribute it to divine agency.
 Recall that this is the argument advanced by pro-
ponents of intelligent design (§ ..). They at-
tribute extremely low-probability events to the
 action of a designer. Some people feel the force of
 that argument, but it depends on the estimate of
 probabilities that are currently very much in
 question. Even if the probability is small on Earth,
 Dawkins has argued there are likely enough
 suitable planets in the universe to offset this. If the
 argument based on the plenitude of planets in our
 universe falls short, cosmologists could argue that
 there are many universes, many more than the
 numbers of planets in our own universe.   At junc-
  45 
 In fact, Koonin in   The Logic of Chance
 views the probability of
 life's origin on an Earth-like planet as extremely small and pro-
tures such as this, it would seem that speculation
 has run wild and we have left the realm of science.
 In any case, we would argue that apparent low
 probability does not mean the event in question
 was unintended. As in the example of the planted
 tack and the flat tire, apparent low probabilities do
 not rule out intent—in the case of life, divine
 intent. Given the doctrine of creation, even if life's
 origin seems on a scientific basis to have an ex-
tremely low probability and it seems that Monod
 was right when he claimed that it was a chance
 event, this still does not rule out God's involvement.
 To think so is to fall into the false either-or di-
lemma from chapter two. If all things are created 
 through the Son and enabled by the Spirit, then
 there is nothing in creation that takes place apart
 from God's involvement. Given the ministerial
 mode of divinely mediated action (§ ..) and
 divine purposes for creation (§ ..), we can see
 in whatever life-originating scenario that is pro-
posed the possible ways through which these
 divine purposes were realized. Just as with the
 fine-tuning of the universe for supporting life
 (chaps. -), and the examples of ministerial en- 
ablement in chemistry (§ .), theologically we
 can see origin-of-life scientists' research as ex-
ploring possible means through which the Trinity
 worked to bring about and support life.
 Hence, we would agree with intelligent design
 proponents that agency is involved in the origin of
 life, though we would have different scientific and
 theological reasons. The proposal of intentionality
 for life's origin does not rest on apparent low prob-
abilities but is a reasonable step of faith seeking un-
derstanding consonant with a partial-views model
 (§ ..) of the doctrine of creation and the sciences.
 But suppose the “law camp,” those who believe
 that life's origin was inevitable, are right. Suppose
 further that at some future time origin-of-life
 poses an infinitely large multiverse as a means for making the
 origin of life inevitable. The reasoning here is similar to what
 we saw in chap.   for the existence of a life-affirming universe. 
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 scientists achieve a convincing description of how
 life came into existence on planet Earth, via a se-
quence of highly probable events. Would that lead
 to the conclusion that the origin of life was not
 intended? Would that make God unnecessary?
 We would contend that the answer to the first
 question posed above is   no. Again, to answer   yes   is
 to fall into the false either-or dilemma. Christians
 believe that God is responsible for the whole ball of
 wax, both improbable and probable events; hence,
 a very probable origin of life would still be viewed
 as a result of divinely mediated action. The answer
 to the second question about whether God is un-
necessary is subtler. As we saw in section ., God
 should never be a postulate of our scientific expla-
nations because we have left the realm of scientific
 investigation at that point, mixing different forms
 of inquiry. Moreover, when we try to insert God
 into scientific explanations, then either our scien-
tific inquiry becomes distorted, or our conception
 of God is too small, or both. A comprehensive doc-
trine of creation helps us avoid these problems
 while affirming divine involvement in all things,
 even the chemical aspects of life. So, in that sense,
 God is unnecessary for scientific explanations. But
 theologically we see that the Trinity is a necessary
 component of the whole story, of which the scien-
tific description is only a part.
 As Christians, we need not fear that our faith
 may be challenged by the present or future state
 of scientific inquiry on questions such as the
 origin of life. Anyone who claims that scientific
 research “proves” that God does not exist or was
 not involved is actually drawing on some form of
 materialist naturalism rather than anything sci-
entific. Wherever life occurs, God is its source.
 Whatever scientists discover about how life
 occurs and is sustained, they will be describing
 the ministerial nature and functional integrity of
 creation. We affirm with the doctrine of creation
 that physical reality exists because of divine cre-
ative action and that Father, Son, and Spirit pur-
posed life should exist at least on this planet.
 Therefore, we contend that life's origin on Earth
 was not an accident but fully intended by its
 triune Creator. In the meantime, our God-given
 curiosity should motivate us to be open to
 whatever future scientific investigation reveals
 about how it may have happened and whether it
 may have happened elsewhere.
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  DEVELOPMENT OF THE 
  THEORY OF EVOLUTION 
  THIS CHAPTER COVERS: 
 The discovery, description, and explanation of
 the diversity of life
 Various definitions of evolution
 A historical survey of the explanations of the
  diversity of life 
 A detailed description of Darwin's theory of
 evolution by natural selection
 The evidence Darwin used to develop and
 support his theory of evolution
 From the doctrine of creation, we would expect to see
 diversity of life in creation (§§ .., ..), though
 we would not necessarily be able to predict the
 breadth of that diversity. Biologists have described
 about . million species of living organisms on the
 Earth from the simplest of bacteria to the most
 complex animals and plants. Since new species are
 being continually discovered and described by scien-
tists, the total number of known species continues to
 rise. The diversity of life in some parts of the world,
 such as tropical rainforests and coral reefs, is espe-
cially high, and many species have not yet been de-
scribed, as evidenced by the many new species being
 discovered in these areas. No one knows how many
 species there are on this planet, with estimates by
 scientists ranging from three million to over one
 hundred million species currently living. A recently
 published estimate places this number at just under
 nine million, but with a large range of uncertainty.
 1
 Camilo Mora et al., “How Many Species Are There on Earth and
 in the Ocean?,”   PLoS Biology    (August ): e.
 doi:./journal.pbio.. These authors estimate there
 are . million species, plus or minus . million.
 Biologists have a lot of work to do before completing
 the task of understanding the diversity of life. There
 are more species on Earth than any single human can
 know, and each species carries with it a great deal of
 genetic diversity. What is the best way to understand
 the scope of the diversity of life on Earth? More rel-
evant to our exploration of this topic, what is the
 origin of that diversity? As biologists have been
 tackling the task of describing and categorizing the
 diversity of life over the past several centuries, these
 two questions have converged into a unified answer.
 And while the diversity of life is hugely complex, sci-
entific theories about the origin of that diversity help
 make sense of it all.
 In this part of the book we will explore the the-
ories and other ideas that have been proposed to
 explain the origin of the diversity of life. The cur-
rently accepted scientific theory is the theory of
 evolution. We will explore the way that evolution
 was developed as a scientific explanation for the
 origin of the diversity of life, and how our under-
standing of this explanation keeps changing and
 growing as new information is discovered and in-
corporated. Taking a historical approach, we hope
 to show how scientific descriptions were shaped by
 historical context, scientific discoveries, and con-
tinuing development of this theory, to give a better
 context for understanding the theory and its impli-
cations. Prominent in this story is the application
 and misapplication of a comprehensive biblical
 doctrine of creation. Moreover, it is helpful to re-
member that scientific explanations are tentative
 descriptions that help make sense of the natural





















[image: ]
  456 
  PART FIVE: ORIGIN OF SPECIES AND DIVERSITY OF LIFE 
 world while being modified or updated based on
 new discoveries and understandings (§ .).
  24.1. DEFINING EVOLUTION 
 Since evolution is the major topic of part five, it is
 helpful to understand the various meanings of this
 word to avoid confusion. Some have described evo-
lution as simply “change through time.” However,
 this definition is inadequate to describe the com-
plexity of evolution as both an observed pattern
 and as a mechanism (or set of mechanisms) for
 changes that resulted in the pattern. In fact, distin-
guishing pattern (how something appears) and
 mechanism (how it got that way) will be an im-
portant theme as we explore the theory of evolution.
 A helpful approach is to consider the various
 ways that the word   evolution   is used and defined.
 Deborah Haarsma and Loren Haarsma have pro-
vided five definitions in their book   Origins, and
 these definitions can be understood as encom-
passing various levels of change.   The first level is
 that of   microevolution, which is defined as changes
 that occur in populations of organisms in which the
 changes do not result in new species. This kind of
 evolution is evident in easily observable patterns
 such as the variety of shapes of dogs that arose by
 artificial selection, or the development of bacteria
 that are resistant to antibiotics. This kind of evo-
lution is not controversial and is widely accepted.
 Both the patterns and mechanisms of microevo-
lution are pretty well understood and accepted, as
 will be explored further in this chapter and the next.
 The next level is evolution as a   pattern of change
 over time, which we can call   historical evolution.
 This is best represented in the fossil record, which
 was briefly introduced in chapter fourteen  and will 
 be examined more closely in chapter twenty-six. 
 The discovery that different species show up at dif-
ferent times in the fossil record over millions of
 2
 Deborah B. Haarsma and Loren D. Haarsma,   Origins: Christian
 Perspectives on Creation, Evolution, and Intelligent Design, nd
 ed. (Grand Rapids: Faith Alive Christian Resources, ).
 years, with progression from simple to complex,
 was a key discovery of nineteenth-century paleon-
tology. Scientists regard historical evolution as
 being firmly established and think that the fossil
 record is better explained by changes occurring
 over a long period of time rather than being laid
 down in a global flood (chaps. -). As the name 
 indicates, this definition of evolution describes a
 pattern of change, but it says little or nothing about
 the mechanism or relationship between the kinds
 of organisms preserved in the fossil record.
 The third level is   common ancestry, also known
 as common descent, which was a major part of the
 theory of evolution that Charles Darwin (–
 ) published in   The Origin of Species   in .
 This definition of evolution describes the origin of
 closely related species as descendants of a rela-
tively recent common ancestor, and more distantly
 related species as descendants of a more distant
 common ancestor, ultimately encompassing all of
 life as descending from a universal common an-
cestor. Most biologists accept common ancestry as
 a useful paradigm regarding the pattern of simi-
larities seen in living organisms, and the use of
 branching trees is a major way to represent these
 patterns, as will be explained below. Some Chris-
tians regard common ancestry as controversial,
 particularly since humans would be included in
 the pattern of evolution as sharing common an-
cestry with other organisms. In understanding
 scientific theories of origins, the idea of common
 ancestry describes a pattern, but it does not state
 the mechanism by which various species originate.
 Such a mechanism for the origin of species is
 included in the fourth definition of evolution, the
 theory of evolution. This theory will be explored
 and developed below, but the major mechanism
 that Darwin proposed is that of natural selection
 acting on genetic variation. As we will see, both
 common descent and mechanisms of evolution are
 especially important aspects of the scientific
 theory of evolution. Thus a satisfactory theory of
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 evolution should describe at least one mechanism
 open to contemporary investigation giving rise to
 observed patterns, such as historical evolution and
  common ancestry. 
 The final level defined by the Haarsmas is   evo-
lutionism, which is the assertion that since evo-
lution is able to explain the origin of the diversity
 of life in scientific terms, there is no need for God
 to be involved. Evolutionism, like the larger
 framework of scientism (§ ..) in which it exists,
 has crossed the line from providing natural expla-
nations for natural phenomena, which is the ap-
propriate purview of the sciences, to providing
 supernatural conclusions from natural explana-
tions. In doing so evolutionism oversteps the
 bounds of scientific inquiry to make conclusions
 that are outside the realm of the sciences—it is a
 philosophical view. In this portion of our explo-
ration of origins, we will be exploring and ex-
plaining the theory of evolution without the natu-
ralistic baggage of evolutionism. Furthermore, the
 other four definitions of evolution should become
 clearer with a fuller exploration of the evidence
 observed from the natural world and of the
 growing paradigm of how evolution may work to
 result in the diversity of life.
 As we explore the theory of evolution, it is
 helpful to realize that the terms   creation   and   evo-
lution   are not necessarily opposites. Within the
 idea of evolutionism, creation and evolution would
 be seen as diametrically opposed viewpoints, with
 evolution providing the ultimate explanation. Thus
 evolutionism represents a conflict version of the
 concordance family of models relating scientific
 and theological explanations as a choice between
 one or the other (§ ..). Similarly, some cre-
ationists start with a false dichotomy between cre-
ation and evolution, a position that also fits this
 same family of models. In these approaches on
 opposite sides of the conflict model, philosophical
 or religious presuppositions are used to infer sci-
entific conclusions. It is more helpful to distinguish
 between philosophical/theological reasoning and
 scientific reasoning. This was described very well
 by Robert Fischer (–), who explained that
 evolution is a scientific explanation for scientific
 phenomena, answering questions about when and
 how the diversity of life originated. If evolution
 results in the gradual origin of species, a major sci-
entific alternative would be an instantaneous
 origin of fully distinct species. On the theological
 or philosophical level of reasoning, creation is
 based on a supernaturalistic worldview with God
 as Creator, while the opposite of creation (self-
existence or some such idea) would be based on a
 naturalistic worldview that says there is no God
 (compare with §§ ., .). Thus, in creation,
 things that exist do not exist on their own but came
 from God, who is transcendent over creation.   Too
 often the word   creation   is applied to the sudden
 appearance of species, when it is possible to have
 creation without specifying the manner in which
 things were created (as in the comprehensive doc-
trine of creation in chap. ). These perspectives on 
 how the terms   creation   and   evolution   are used will
 be useful as we explore the development of the
 theory of evolution based on the scientific evi-
dence and how that evidence is interpreted re-
garding whether living things appeared suddenly
 or by a gradual process.
  24.2. DEVELOPMENT OF THE 
  THEORY OF EVOLUTION 
 Many think of the theory of evolution as Darwin's
 theory. While he had the largest role in the early
 formulation of the theory, particularly with the
 mechanism of natural selection, his ideas were
 greatly influenced by his predecessors and contem-
poraries, and the theory of evolution has un-
dergone major shifts since Darwin's theory was
 published in . In the rest of this chapter we will
 consider some of the background information
 3
  Robert Fischer, 
 God Did It, But How?,
 nd ed. (Ipswich: MA,
 American Scientific Affiliation, ).
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 from predecessors, describe the essential compo-
nents of the theory of evolution as Darwin pro-
posed it, and consider the evidence regarding its
 usefulness as a theory of the origin of life's diversity.
 ... From natural philosophy to natural history and
 natural theology.   From ancient times to the emer-
gence of modern science in the seventeenth
 century, the endeavor to understand nature was
 often called natural philosophy. One of the most
 influential thinkers during this period was Aris-
totle. As Aristotle explored the natural world, in-
cluding his study of animal anatomy through many
 dissections, he classified living organisms and
 other entities along a great chain of being, or   scala
 naturae. In this scheme, humans were at the top
 and inanimate matter was at the bottom, with or-
ganisms arranged by their complexity or abilities,
 moving from humans to various kinds of animals
 to plants. This was accompanied by the proposition
 that each organism had a particular telos or end
 and that each organism was fulfilling its purpose.
 To Aristotle, species were eternal and unchanging
 because each organism within a species existed as
 Form or essential nature of that particular kind of
 species combined with matter. Plato (ca. –ca.
  BC), his teacher, had a conception of the Forms
 as essential definitions of species, where the Forms
 eternally existed in a nonmaterial realm, and each
 organism within a species instantiated that un-
 changing Form. 
 Aristotle and Plato's ideas have been influential
 to the present day, and especially so through the
 Renaissance. Christians adopted aspects of Aristo-
telian and Platonic thinking in a number of areas,
 particularly in accepting the fixity of species. Since
 the Genesis account describes kinds of organisms
 as being created after their own kind, it became
 natural for Christians to interpret Genesis as
 teaching the fixity of species following Aristotle
 and Plato.   Besides, such a pattern can be observed
 4
  John S. Wilkins, 
 Defining Species: A Sourcebook from Antiquity
 to Today   (New York: Peter Lang, ), -.
 in everyday life. Chickens give birth to chickens,
 and horses to horses. Seeds from an apple will
 grow into a new apple tree, potentially to produce
 more apples. So naturalists explored the world
 with the idea of cataloging the species present,
 with each species having an essential character that
 is static and unchanging. This idea of essentialism
 is a philosophical idea that views all members of a
 group, such as a species, as sharing a set of un-
changing characteristics that are essential to their
 group and distinguish them from other groups.
 The task of natural history, exploring the di-
versity of life through understanding the character-
istics that distinguished organisms into distinct
 species, was advanced greatly by John Ray (–
 ) during the seventeenth century. Ray was a
 devout Christian who published works classifying
 plants, birds, mammals, fish, and invertebrate an-
imals, helping to better organize the names that had
 been applied to these organisms. As he did so, he
 attempted to apply a classification system that was
 based on observing the characteristics of these or-
ganisms and then grouping them based on these
 characteristics. That is, he attempted to discern a
 “natural” classification system that emerged from
 studying these organisms rather than an “artificial”
 system in which a preconceived characteristic was
 chosen as a basis of classification. While artificial
 systems are easily constructed, learned, and applied,
 since they are usually based on easily defined char-
acteristics, they tend to group organisms together
 that do not seem to fit in other ways. For example,
 a system of classification that puts animals with
 wings together into one group would group flying
 insects, birds, and bats into one category but would
 exclude animals without wings. The artificial char-
acteristic of such a grouping can be illustrated by
 considering that bats, which are mammals, would
 not be grouped together with other mammals but
 would instead be grouped together with birds and
 insects. Similarly, grouping flowers based on flower
 color would be an easy way to learn flowers, but
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 grouping yellow orchids together with yellow pea
 flowers and yellow roses would not provide a useful
 classification of these plants that would reflect their
 similarities and perhaps origins. That is, artificial
 classification systems do not usually contribute to
 understanding the biology of these organisms.
 Rather, Ray depended more heavily on empirical
 observations of overall morphology to build his
  systems of classification. 
 Moreover, Ray was interested in how these or-
ganisms function in their environments. He saw
 that organisms were well adapted to the environ-
ments in which they lived. As a Christian, he con-
sidered this to be evidence of God's design and
 articulated his ideas in   The Wisdom of God Mani-
fested in the Works of the Creation   in . As such
 he contributed much to the idea of natural the-
ology, which posited that the wisdom and power of
 God can be discerned from studying the creation.
 Thus organisms have adaptations that reflect the
 provision of God so that these organisms can live
 well in their natural habitats. Since Ray believed
 that living organisms are God's creations, he con-
sidered that studying them was a worthy subject.
 Ray's work exemplifies many of the aspects of
 the comprehensive biblical doctrine of creation de-
scribed in chapter two. He recognized that nature 
 is worth studying because it is God's creation. His
 attempt to apply a natural system of classification
 to organisms based on observing their character-
istics and discerning groupings based on those ob-
servations reflects the contingency of creation, and
 the need to observe the creation to provide a better
 understanding of it, since God has made it distinct
 Brief Biography: John Ray (1627–1705)
 John Ray was the son of the village blacksmith of Black Notley, Essex, England. His
 mother was known as a pious woman and was skilled in the use of medicinal
 plants. He attended grammar school in nearby Braintree and began his studies at
 the University of Cambridge in  with the aid of a scholarship. He continued at
 Cambridge as a fellow, lecturer, and junior dean before leaving in  due to the
 “Great Ejection” during the restoration of the monarchy under Charles II. Although
 he had little financial means, he continued his studies of natural history, focusing
 on plants and animals, through the generosity of naturalist Francis Willughby
 (–). In his studies of plants Ray developed a system of classification that
 was based on discerning a natural classification from the overall morphology of
 plants rather than reverting to an artificial classification based on one or a few predetermined characteristics. He recog-
nized the species as the fundamental unit of classification of living organisms. He also recognized that fossils were
 preserved specimens of living organisms, assuming that they must be still alive somewhere on the Earth. Political
 changes in  gave Ray the latitude to write on the topic of natural theology, as he did in   The Wisdom of God Mani-
fested in the Works of the Creation   and other books. In these works Ray expresses that nature is a subject worth studying
 as God's creation and that the adaptations by which living organisms are able to live reflect God's design. Ray refined a
 version of the argument from design that focuses on how the exquisite adaptations of species to their environments
 serves as evidence for God's wisdom in creating them.   The Wisdom of God Manifested in the Works of the Creation, in
 particular, was very influential for natural theology. It was translated into several foreign languages and reprinted sev-
eral times through .
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 from himself and contingent in its characteristics
 (§ ..). His description of the adaptive character-
istics of these organisms that enable the organisms
 to live and thrive as part of God's design reflects the
 functional integrity of creation as well as the prov-
idential love of the Creator (§§ .., .). The as-
sumption that species found in fossils would
 probably be found living somewhere on Earth is
 based more on the prevailing view at the time that
 the Earth was relatively young in age, as well as the
 notion that extinction of species would be a prob-
lematic occurrence in God's creation. This as-
sumption seems to be based as much on worldview,
 perhaps incorporating Aristotelian logic regarding
 the nature of species as static and unchanging, as it
 was on biblical interpretation.
 As mentioned above, Ray contributed to the field
 of natural theology, which typically sought to under-
stand more about God based on the study of nature
 and the application of human reason. In this way
 natural theology tended to rely on general revelation.
 This approach may contribute to understanding
 more about God as seen from the awe-inspiring as-
pects of understanding creation, but it does lack the
 specific aspects of special revelation from the Bible,
 on which Christianity is based. Perhaps the best-
known exposition of natural theology was provided
 by William Paley (–) in his book   Natural
 Theology or Evidences of the Existence and Attributes
 of the Deity, published in . Similar to Ray, Paley
 described the logic of inferring design by the Creator
 (or, more generally, a creator) when considering the
 intricacy and functionality of living organisms in his
  famous watchmaker analogy: 
 In crossing a heath, suppose I pitched my foot
 against a stone, and were asked how the stone
 came to be there; I might possibly answer, that,
 for anything I knew to the contrary, it had lain
 there forever: nor would it perhaps be very easy
 to show the absurdity of this answer. But suppose
 I had found a watch upon the ground, and it
 should be inquired how the watch happened to be
 in that place; I should hardly think of the answer
 I had before given, that for anything I knew, the
  watch might have always been there....  There 
 must have existed, at some time, and at some
 place or other, an artificer or artificers, who
 formed [the watch] for the purpose which we
 find it actually to answer; who comprehended its
  construction, and designed its use....  Every in- 
dication of contrivance, every manifestation of
 design, which existed in the watch, exists in the
 works of nature; with the difference, on the side
 of nature, of being greater or more, and that in a
 degree which exceeds all computation.
 5
  William Paley, 
 Natural Theology or Evidences of the Existence
 and Attributes of the Deity   (London: R. Faulder, ), .
 Brief Biography: William Paley (1743–1805)
 Paley was an English theologian and philosopher who was born in Petersborough,
 England. He graduated from Christ College, University of Cambridge, in  and
 was ordained as an Anglican priest in . He is best known as the author of text-
books used by students at Cambridge. His book   Natural Theology or Evidences of the
 Existence and Attributes of the Deity, Collected from the Appearances of Nature, was
 first published in  and was used into the twentieth century. He starts the book
 with the analogy of finding a watch and inferring a watchmaker, and proceeds to
 apply the same logic for the much greater complexity seen in living organisms, es-
pecially humans. In doing so he draws from the arguments made by John Ray's
 book   Wisdom of God.
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 The paradigm of natural theology, and its at-
tendant assumptions regarding the purposeful way
 in which all of nature was created, influenced the
 manner in which naturalists interpreted the world
 around them, including the diversity of life. Some
 of these influences included Aristotelian elements
 to them in regard to how species were considered,
 such as species being made for a purpose, and that
 they would not change over time. Moreover, in the
 context of natural theology, it was assumed that
 species would be well adapted to their habitats be-
cause of the benevolent design of God and that
 there would be no need for them to change.
 Swedish naturalist Carolus Linnaeus (–
 ) is well known for his contributions to how
 living organisms are named and classified. Lin-
naeus lived and made his contributions in the eigh-
teenth century, building on the work of John Ray
 and other predecessors, and applying many of the
 same principles of natural theology. Linnaeus was
 more interested in the pattern of classification than
 in the adaptations organisms possessed. His clas-
sification of plants was an artificial system, based
 on preconceived ideas of floral reproductive struc-
tures. So, even though these ideas seem to be in-
ferior to those of John Ray, he is better known than
 Ray because of his contributions to how organisms
 are named and classified. Linnaeus gave us the
 system of naming organisms by a two-word Latin
 name with one word for the genus and one word to
 designate a specific species within the genus, such
 as   Homo sapiens   for humans or   Triticum aestivum
 for bread wheat, both among the thousands of
 species named by Linnaeus. Binomial nomen-
clature was a great improvement from the poly-
nomial names that provided both a name for an
 organism and a description of its characteristics.
 For instance, white clover was formerly named   Tri-
folium capitulus ambelerabus, leguminous tetro-
spermus, coli repenti, which Linnaeus shortened to
 Trifolium repens, the name currently used by scien-
tists. While having both name and description to-
gether has its benefits, the increasing number of
 described species made the polynomial system
 increasingly cumbersome to use and to remember.
 More importantly, Linnaeus classified living
 organisms into a set of hierarchical categories that
 are still used today. These categories are, from
 most to least inclusive, kingdom, phylum, class,
 order, family, genus, and species.   From the mid-
eighteenth century to the present, each species
 name specifies both the genus and species to which
 the organism is being classified, and each species
 is defined in a context of classification that extends
 to the highest (most inclusive) level. That is, each
 species is classified in a specific kingdom, phylum,
 class, order, family, and genus. Each category is or-
ganized in a nested hierarchy, so that similar
 species were grouped into a genus, similar genera
 (plural of   genus) into a family, similar families into
 an order, and so on through kingdom. Thus each
 species is described and defined in a larger context
 of the more inclusive categories above it. The hier-
archical nature of this method of classification is
 illustrated in figure .. 
 The Linnaean system of classification means
 that two species that belong to the same genus
 would be more similar than two species that belong
 to different genera but to the same family. For in-
stance, the grey wolf and the coyote are classified
 as two different species within the genus   Canis   and
 family Canidae, while the red fox is in the genus
 Vulpes   but is also classified in the Canidae. Thus
 wolves and coyotes are considered to be more
 similar to each other than either is to the fox. But
 each of them is considered to be more similar to
 each other than any of them is to a mammal
 outside the family Canidae. This hierarchical clas-
sification can be illustrated as a branching tree as
 a simple way to represent the hierarchical nature
 of difference and similarity (fig. .). 
 6
 Phylum and family were not originally included by Linnaeus but
 were added afterward and are key categories used in current
  systems of classification. 
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 Linnaeus initially considered species to be static
 and unchanging, as originally created by God. His
 views changed over his lifetime as he observed that
 some species of plants were able to hybridize across
 species lines, and eventually he considered orders
 to reflect the unchanging, originally created kind.
 Like Aristotle, and influenced by Aristotelian
 thought as expressed through natural theology, he
 considered species to be fixed and unchanging. If
 these species were fulfilling their telos, as with Ar-
istotle, or were created with purpose by their
 Creator, as with natural theology, there would be
 no reason for any changes to occur. Linnaeus con-
sidered the orderly way of putting life into this hi-
erarchical classification to be a reflection of the
 order with which God created living things.
 ... A shift in paradigm: From natural theology to
 evolution before Darwin.   The idea of unchanging
 species was deeply ingrained, providing resistance
 to considering evolutionary change as an expla-
nation for the diversity of life. Nevertheless, obser-
vations that did not fit the paradigm of fixed
 species caused it to be discarded by the end of the
 nineteenth century, if not earlier.
 A large impetus for the shift came from the
 growing field of geology. As detailed earlier in this
 book, Hutton's uniformitarianism, further refined
 and detailed by Lyell, provided evidence that the
 Earth is millions to hundreds of millions of years
 old (chap. ). Lyell's Principles of Geology, pub- 
lished just before Darwin left as the naturalist
 on the HMS   Beagle, influenced Darwin as he
 Figure ..   Linnaean hierarchical categories of classification, using
 the panda bear (Ailuropoda melanoleuca) as an example. Each
 category contains one or more groups of the category below it.
  Species 
  CARNIVORA 
  FELIDAE 
  PANTHERA 
  PROCYONIDAE 
  CANIDAE 
  PROCYONIS 
  VULPES 
  CANIS 
  PANTHERA LEO 
  [LION] 
  PROCYONIS LOTOR 
  [RACCOON] 
  VULPES VULPES 
  [RED FOX] 
  CANIS LATRANS 
  [COYOTE] 
  CANIS LUPUS 
  [GRAY WOLF] 
  Genus 
  Family 
  Order 
 Figure ..   A branching tree representing classification of several species of mammals to illustrate the nature of hierarchical relationship among
 organisms at the species, genus, family, and order levels of classification.
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 developed his ideas about what he saw during this
 voyage (§ .). He was further influenced by his
 ongoing correspondence with Lyell.
 These new understandings of geology, through
 exploration of the Earth's strata, were accompanied
 by the growing discoveries of fossils. Many of the
 earlier discoveries of fossils were considered to be
 artifacts rather than understood as the remains of
 formerly living organisms. As noted earlier, John
 Ray was among the minority who recognized fossils
 as the remains of once-living organisms and con-
sidered fossil forms that did not look like any known
 living organism to be yet-undiscovered living
 species. In this view, species would not go extinct.
 The contributions of Georges Cuvier (–
 ) in the study of the fossil record and compar-
ative anatomy led to the founding of the field of
 vertebrate paleontology. As Cuvier studied the
 fossils of various vertebrates, he was able to in-
terpret their form based on what he knew of the
 anatomy of living creatures. Thus the diet of an
 organism could be discerned from the types of
 teeth it had. But other characteristics of digestion
 or obtaining food must also function in regard to
 diet. Thus organisms could not change one feature
 without changing many features so that the entire
 organism functioned as an integral whole, demon-
strating the scientific value of functional integrity
 (§ ..). Cuvier recognized that some fossil or-
ganisms had gone extinct. For example, he recog-
nized that African and Asian elephants were sep-
arate extant species, and that mammoths were
 distinct from either kind but could not be found
 alive on the Earth and were therefore extinct. This
 represented a contradiction of the tenet from
 natural theology that species are well adapted by
 their Creator for their livelihoods, since well-
adapted species would not go extinct. Cuvier also
 recognized that there were successions of species
 seen in the fossil record, although he did not rec-
ognize these as progressive forms. That is, he rec-
ognized some aspects of the pattern of change over
 time but rejected any notion that these species
 were linked in succession as would be recognized
 by common ancestry. Cuvier attributed the
 succession of species to local catastrophes with
 recolonization by species from other localities.
 Cuvier's stand on this issue, combined with his
 high regard as a credible scientist, was very
 important in resisting evolutionary explanations of
 the origin of species until Darwin later presented
 multiple lines of evidence and reasoning for his
 theory of evolution. Moreover, as the fossil evi-
dence built up further in the early nineteenth
 century, Cuvier's position was more and more
 difficult to justify based on the evidence.
 Other scientists were less constrained by the
 paradigm of fixed species. Naturalists such as
 Georges-Louis Leclerc, Comte de Buffon (–
 ) postulated that organisms could change and
 speculated that this could explain the similarities
 between humans and the great apes. However,
 Buffon did not provide a coherent mechanism for
 how such change could occur. Erasmus Darwin
 (–), grandfather of Charles Darwin, simi-
larly proposed an evolutionary explanation for the
 similarities and difference among living organisms
 but also did not provide a rational means.
 A key development came in  with the
 “transmutation hypothesis” of Jean-Baptiste Pierre
 Antoine de Monet, Chevalier de Lamarck (–
 ), a French invertebrate paleontologist. La-
marck's proposal was better described in  in
 his book   Philosophie Zoologique. In this hypothesis
 Lamarck proposed that new forms of life appear by
 spontaneous generation (§§ ., .), and these
 forms start off with the simplest level of organi-
zation. These new forms of life would change from
 being simple to complex over subsequent genera-
tions. For animals, Lamarck proposed that they
 contained “nervous fluid” that concentrated in
 parts of the body that were being used, resulting in
 the development of new features in that part. Thus
 parts that are used will develop, and parts that are
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 not used will atrophy. But the principle of use and
 disuse was not enough, since the traits needed to
 be passed on to the next generation. The mech-
anism of inheritance was not well understood, and
 Lamarck proposed that acquired characteristics
 would be inherited. He illustrated this principle
 using the example of the giraffe, as seen through
  this passage: 
 It is interesting to observe the result of habit in
 the peculiar shape and size of the giraffe (Camelo-
pardalis): this animal, the largest of mammals, is
 known to live in the interior of Africa in places
 where the soil is nearly always arid and barren, so
 that it is obliged to browse on the leaves of trees
 and to make constant efforts to reach them. From
 this habit long maintained in all its race, it has
 resulted that the animal's fore-legs have become
 longer than its hind legs, and that its neck is
 lengthened to such a degree that the giraffe,
 without standing up on its hind legs, attains a
 height of six metres.
 Thus the long neck and legs of the giraffe developed
 from giraffes that had shorter necks and legs. As
 giraffes stretched their necks while trying to eat
 7
  Jean-Baptiste Lamarck, 
 Zoological Philosophy: An Exposition
 with Regard to the Natural History of Animals, trans. Hugh Elliot
 (London: Macmillan, ), .
 the leaves from trees, they developed
 slightly longer necks and passed this
 trait to the next generation. Over
 time this would result in the devel-
opment of giraffes with long necks
 (fig. .). 
 Cuvier, who was Lamarck's con-
temporar y, criticized Lamarck's
 theory as not fitting with the paucity
 of evidence of transitional forms that
 would be expected from the gradual
 changes through inheritance of ac-
 quired characteristics. Furthermore, 
 Cuvier noted that Lamarckian evo-
lution was inconsistent with the evi-
dence regarding the functional inter-
dependence of animal anatomy. Functional
 interdependence can be illustrated by the differ-
ences between herbivores and carnivores. While
 herbivores and carnivores can be easily distin-
guished from fossil evidence regarding the shape
 of their teeth, whether for tearing meat or
 crushing plant matter, other aspects of their lives
 accompany these differences. These include the
 quick speed required by many carnivores to
 capture their prey, which would not be required
 by an herbivore (although it is useful for some
 herbivores to be able to run quickly to avoid pred-
ators), and differences in the length and makeup
 of the digestive tract because of differences in how
 meat and plant matter would be digested. Thus,
 while one part of an organism might change, other
 parts would need to change in concert to maintain
  functional integrity. 
 Lamarck's theory invoking inheritance of ac-
quired characteristics is at odds with our current
 understanding of inheritance, providing an idea of
 how little was understood about the mechanisms
 of inheritance at this time.   Even when key prin-
ciples of inheritance were published by Gregor
 8
 Although there is a sense in which acquired characteristics can
 be inherited, such as seen in the emerging understanding of
 epigenetic phenomena, this is distinct from Lamarck's view in
  scope and mechanism. 
 Figure ..   Development of long-necked giraffes according to Lamarck's theory of
 acquired characteristics: giraffes stretched their necks and passed the acquired character-
istic along to the next generation, resulting in giraffes of progressively longer necks.
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 Mendel (–) in , these were largely
 ignored until the early twentieth century. As we
 will see in the next chapter, the incorporation of
 Mendelian genetics resulted in a change in par-
adigm in developing the theory of evolution.
 Even with these shortcomings, Lamarck's hy-
pothesis achieved an important step by proposing
 a mechanism by which organisms can change and
 how these changes can be inherited. Moreover, this
 theory provided for a mechanism by which char-
acteristics would arise that would allow the or-
ganism to make a living. This is consistent with the
 notion of functional integrity in the doctrine of
 creation and furthermore could provide examples
 of God's purpose for creation in ongoing divine
 activity in creation (§ .). While most scientists of
 this time considered such characteristics to be spe-
cially created so that the organism would be well
 adapted to its habitat, Lamarck proposed a way
 adaptation could occur so that such characteristics
 could arise through a process of evolution, which
 could be understood as a means of God's mediated
  action (§ ..). 
  24.3. DARWIN'S THEORY 
  OF EVOLUTION 
 ... Biographical background on Charles Darwin.
 Charles Darwin was born in , in the midst of
 these changing ideas about the origin of the di-
versity of life. He grew up as the son of a wealthy
 medical doctor, and initially his father sent him to
 the University of Edinburgh to study medicine, but
 Darwin was horrified by the brutality of surgery
 (anesthesia had yet to be discovered). He left Edin-
burgh, and his father then sent him to study at
 Christ's College at the University of Cambridge
 with the intention of becoming a clergyman in a
 country parish. Identifying as a Christian at this
 time, Darwin was drawn to study natural history.
 The vocations of parish priest and naturalist were
 widely seen as compatible since under the par-
adigm of natural theology, much can be learned
 about God from the study of nature. Indeed,
 Darwin was trained within the paradigm of natural
 theology, in which God's power and purpose could
 be seen in nature. Paley's ideas about design were
 part of Darwin's education and thinking, and he
 found Paley's arguments delightful.   After gradu-
ating from Cambridge, Darwin was engaged as the
 naturalist (and dinner companion for the captain)
 on an around-the-world voyage on the HMSBeagle
 to explore the natural history of South America and
 other locations. On this journey, lasting nearly five
 years, from  to , Darwin collected many
 specimens and recorded his many observations.
 After returning to England in , Darwin
 worked with other scientists to further charac-
terize the specimens that he had collected and to
 continue to put together his thoughts as recorded
 from his notebooks. During the voyage, several
 observations that Darwin made did not seem to fit
 within the natural-theology paradigm. For in-
stance, he collected fossils of organisms, such as
 extinct ground sloths, that were unlike creatures
 found in Europe but similar to other organisms
 found in South America. Extinction was a trou-
bling notion in the context of natural theology,
 since God would be seen as making every species
 good for its particular role as a living member of
 creation. How could it be that the Creator's design
 had failed in extinct creatures? Furthermore,
 seeing that there were both living and extinct crea-
tures of these distinctive species in South America,
 though they were not known from other places,
 indicated that these animals originated in South
 America. He saw that an explanation in which
 species transmuted or evolved into similar species
 could be a better explanation for his observations.
 He spent many years continuing to refine his argu-
ments regarding the patterns he observed and
 possible mechanisms that might explain these
 9
 “The logic of this book and as I may add of his Natural Theology
 gave me as much delight as did Euclid.” Nora Barlow, ed.,   The
 Autobiography of Charles Darwin –: With the Original
 Omissions Restored   (London: Collins, ), .
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 patterns, but he was hesitant to publish them since
 he knew his ideas would be met with much resis-
tance as they challenged the paradigm of natural
 theology that was prevalent at that time.
 Darwin received a nudge to publish his theory
 when he found that naturalist Alfred Russell
 Wallace had developed a similar theory of evo-
lution by natural selection. Wallace wrote to
 Darwin about his theory, and they published some
 of their ideas together in . This spurred Darwin
 to complete his work, which he published in 
 in a book titled   On the Origin of Species by Means
 of Natural Selection, or the Preservation of Fa-
voured Races in the Struggle for Life, from here on
 referred to as   The Origin of Species.   In this book
 Darwin musters arguments for his theory, de-
scribing evidence from a variety of sources and
 drawing inferences from the evidence presented.
 The careful argument that Darwin presented in
 this book is perhaps the key reason why this theory
 is known as Darwinian evolution rather than in-
cluding Wallace in its name. In   The Origin of
 Species   Darwin makes two major points. First, all
 species of life arose from a common ancestor
 through descent with modification. This is
 common descent, and this pattern will become
 clearer through examining the arguments Darwin
 makes in his book. Second, Darwin proposes that
 the major mechanism of this change is natural se-
lection. Although not the first theory of evolution
 to be proposed, Darwin's theory was convincingly
 presented, and it resulted in a paradigm shift in
 how the origin of biological diversity is understood.
 ... Natural selection.   In   The Origin of Species
 Darwin argues particularly regarding the power of
 natural selection to achieve “descent with modifi-
cation,” although he did not exclude the possibility
 of additional mechanisms. Indeed, other mecha-
nisms for evolution have since been described,
  10 
  Charles Darwin, 
 On the Origin of Species by Means of Natural
 Selection, or the Preservation of Favoured Races in the Struggle
 for Life   (London: John Murray, ).
 which we will explore in the next chapter. Never-
theless, natural selection remains at the center of
 Darwin's theory, and it will help us to further con-
sider the logic and explanatory power of natural
 selection before moving on to the evidence that
 Darwin described in support of his theory.
 .... Observations and inferences to natural
 selection.   Darwin formulated his description of
 natural selection based on a set of observations
 and inferences, and almost all are inferences to the
 best explanation (§ ..). Observations are details,
 such as structures or phenomena, that can be re-
peatably observed by anyone. Thus a biologist
 could observe the size and shape of the teeth of an
 animal. Recall that an inference is an evidence-
method link that involves interpretation of the
 observations to explain the significance of the ob-
servations (§ ..). Continuing with the teeth ex-
ample, the biologist could infer whether the animal
 being observed had teeth that functioned in eating
 other animals or in eating plants. Both observation
 and inference are key aspects of how scientific de-
scriptions are made, and it is important to distin-
guish them. In discussions of evolution in par-
ticular, inferences are often represented in the
 same way as observations by those who want to
 argue for a particular point of view.
 Ernst Mayr analyzed and summarized Darwin's
 development of natural selection in the following
 five observations and three inferences (para-
 phrased here). 
 Observation : The population size of a species has
 the potential to increase exponentially, since or-
ganisms reproduce to make offspring, which can
 themselves reproduce to make more offspring.
 Observation : Populations of species are gen-
erally observed to remain stable in size.
 Observation : The resources necessary for the
 survival of all individuals of a species are limited.
  11 
  Ernst Mayr, 
 One Long Argument: Charles Darwin and the Gen-
esis of Modern Evolutionary Thought   (Cambridge, MA: Harvard
  University Press, ). 
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 Inference : Individuals of a species compete for
 the limited resources, and only a few survive to
 produce the next generation.
 Observation : Individuals of a species vary in
  their characteristics. 
 Observation : Much of the variation in these
 characteristics is inherited from one generation
  to the next. 
 Inference : Competition for limited resources
 and subsequent survival and reproduction is not
 random. Natural selection occurs by differential
 reproductive success based on the advantages of
 the characteristics of the individual organisms.
 Inference : Differential reproductive success
 (natural selection) over successive generations
 will lead to a gradual change in a species.
 The three inferences seem to be reasonable in-
ferences based on the observations made. However,
 note that the inference of natural selection as a
 mechanism by which new species would arise is
 more of an extrapolation of the third inference,
 reaching beyond what is immediately observable.
 Recall that both induction and inference to the best
 explanation have this kind of generalizing char-
acter (§ ..). As we continue to explore the theory
 of evolution, it will be helpful to explore whether
 the extrapolation of this last inference is supported
 as an explanation for the origin of species.
 .... Is natural selection based on circular
 reasoning?   Sometimes natural selection is summed
 up in the phrase “survival of the fittest,” first coined
 by Herbert Spencer before Darwin's publication,
 which Darwin used himself in later editions of   The
 Origin of Species. Taken at face value, survival of
 the fittest appears to be a tautological statement—
 that is, one based on circular reasoning, since the
 ones that are the fittest are those that survive.
 However, Richard Lewontin pointed out that
 natural selection is not tautological, and he formu-
lated it with these three steps:
 () There is phenotypic variation; the members of
 a species do not all look and act alike.
 () There is a correlation between parents and
  offspring. 
 () Different phenotypes leave different numbers
 of offspring in   remote   generations.
 As Lewontin concludes: “If these three proposi-
tions are true, there will be an unavoidable evolu-
tionary change in the population.”
 .... Logically applying natural selection.
 There are a few factors to consider about how Dar-
win's theory is constructed. First, natural selection
 is acting on the genetic variability that occurs in
 individuals living in a population. Thus, under-
standing how natural selection could lead to evo-
lution will depend on a correct understanding of
 genetic variation and inheritance. Observations 
 and  described above would have been known to
 Darwin through his personal experience with
 breeding animals, as well as the experience of
 other animal breeders, applying artificial selection
 (see § ...). But Darwin's understanding of
 inheritance was based somewhat on the then-
prevalent idea of blending inheritance. Moreover,
 Darwin did not exclude a form of inheritance of
 acquired characteristics in his theory. He later
 developed a mechanism for inheritance known as
 pangenesis, which would result in blending in-
heritance. Thus, a fuller understanding of genetic
 variability and inheritance, brought to light after
 Darwin's death, was helpful in understanding
 natural selection acting on genetic variability, as
 we will explore in the next chapter.
 Second, those organisms that are better
 adapted for life will tend to pass these traits on to
 the next generation. So fitness is dependent on
 reproductive success and not necessarily on
 greater size or strength. Fitness might be im-
proved by greater size, but there may be tradeoffs
 in being bigger, such as the greater costs of main-
taining a large body or less maneuverability.
  12 
 Richard C. Lewontin, “The Bases of Conflict in Biological Ex-
planation,”   Journal of the History of Biology    (March ):
  -. 
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 Rather, those individuals in a population that have
 more offspring survive into the next generation
 are considered to be more fit in natural selection.
 Thus, natural selection is based on differential re-
 productive success. 
 Third, individuals do not evolve, only popula-
tions. An individual will contribute more or fewer
 offspring to the next generation of a population.
 Thus a population will be made up of the offspring
 of those individuals with greater fitness. The
 success of an individual is influenced by its own
 genetic makeup in the context of its environment,
 and the production of more offspring from indi-
viduals with greater fitness will contribute a larger
 portion of the population of the next generation.
 So natural selection will act on individuals, but
 changes will be seen in populations.
 Last, there is no need for evolution to occur
 from simple to complex forms. While an overall
 pattern from simple to complex is apparent in the
 fossil record and in comparative studies of living
 organisms, there are also some examples where the
 function of some features is lost as a result of evo-
lution. Therefore, there would be no such thing as
 “devolution” in Darwinian evolution, since evo-
lution would encompass all changes. The infer-
ences regarding vestigial structures described
 below illustrate this principle. What mechanisms
 such as natural selection produce is   difference, not
 necessarily increase in complexity.
 .... Natural selection as an explanation for
 adaptations.   Natural selection as a mechanism pro-
vides a way for generating change from generation
 to generation, as well as resulting in organisms that
 are well adapted to their environment. Contrary to
 Lamarck's description of the evolution of the long
 neck of the giraffe due to acquired characteristics
 through stretching its neck, Darwin described the
 evolution of the long neck of the giraffe in the sixth
 edition of   The Origin of Species   as follows:
 The giraffe, by its lofty stature, much elongated
 neck, fore legs, head and tongue, has its whole
 frame beautifully adapted for browsing on the
 higher branches of trees. It can thus obtain food
 beyond the reach of the other Ungulata or hoofed
 animals inhabiting the same country; and this
  must be a great advantage to it during dearths....  
 So under nature with the nascent giraffe, the in-
dividuals which were the highest browsers and
 were able during dearths to reach even an inch or
 two above the others, will often have been pre-
served; for they will have roamed over the whole
 country in search of food. That the individuals of
 the same species often differ slightly in the rel-
ative lengths of all their parts may be seen in
 many works of natural history, in which careful
 measurements are given. These slight propor-
tional differences, due to the laws of growth and
 variation, are not of the slightest use or impor-
tance to most species. But it will have been other-
wise with the nascent giraffe, considering its
 probable habits of life; for those individuals
 which had some one part or several parts of their
 bodies rather more elongated than usual, would
 generally have survived. These will have inter-
crossed and left offspring, either inheriting the
 same bodily peculiarities, or with a tendency to
 vary again in the same manner; while the indi-
viduals less favoured in the same respects will
 have been the most liable to perish.
 This illustrates the key differences between La-
marckian and Darwinian evolution. Lamarck's
 theory depended on the innate ability of indi-
viduals to change, passing on their changed traits
 to the next generation. However, Darwin's theory
 posits not a change in individuals but a change in
 populations. Those individuals who have inherited
 shorter necks will be less likely to pass those char-
acteristics along, since they will be the ones most
 likely to perish. Thus we have Lamarck's theory
 providing a mechanism emphasizing progress,
 while Darwin's natural selection occurs through a
  struggle for existence. 
  13 
  Charles Darwin, 
 On the Origin of Species by Natural Selection,
 or the Preservation of Favoured Races in the Struggle for Life, th
 ed. (London: John Murray, ), -.
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 Lamarck and Darwin considered the long neck
 of the giraffe to have developed as an adaptation for
 obtaining food from high in trees. This explanation,
 even though apparently self-evident, is currently
 considered to be a gross oversimplification. The long
 necks are accompanied by long legs. The long legs
 probably allow the giraffes to better avoid predators,
 such as lions, and the long necks may allow them to
 reach the ground for eating low-lying plants and
 drinking water. An alternative hypothesis is that the
 long necks are an adaptation for males fighting for
 female mates, using these large necks in compe-
tition with other males. So, while we can see the
 kind of adaptations that are possible through evo-
lution, this example provides a cautionary tale re-
garding oversimplifying the explanation for how a
 trait might evolve and result in adaptation. Rather,
 such examples need to be carefully considered re-
garding the entire function of the organism rather
 than just the single part.
 Even so, the principle of natural selection ap-
pears to provide a useful explanation for the
 adaptive nature of the features that living or-
ganisms possess, and this will be illustrated in the
 evidence Darwin described to support his theory.
 All adaptations that living organisms possess can
 be seen as originating through evolution mediated
 by natural selection (and perhaps other mecha-
nisms) since natural selection links success in life
 to having those adaptations. Of course, it will also
 be necessary to understand the source of inherited
 variation on which natural selection would work to
 result in these adaptations. This issue will be ex-
plored further in the next chapter, but at this point
 we can note that Darwin was focused on what we
 call regularities of creation, so we can understand
 his work as an exploration of creation's functional
 integrity and its consequences for life's diversity.
  14 
 Stephen J. Gould and Richard C. Lewontin, “The Spandrels of
 San Marco and the Panglossian Paradigm: A Critique of the
 Adaptationist Programme,”   Proceedings of the Royal Society of
 London. Series B, Biological Sciences   , no. , The Evolution
 of Adaptation by Natural Selection (September , ): -.
 ... Darwin's evidence for evolution.   Darwin mar-
shaled several lines of evidence in support of his
 theory of evolution. Some of these more strongly
 support the notion of common descent as a pattern,
 while others primarily support natural selection as
 a mechanism of change that produced this pattern.
 Each of these lines of evidence has mostly re-
mained valid since Darwin's time, with further
 understanding providing further support or a re-
fined understanding of how evolution could work.
 .... Artificial selection.   Darwin called his
 major proposed mechanism of evolution natural
 selection, since he considered it to be very similar
 to   artificial selection. Just as many varieties of plants
 and animals can be derived by selectively breeding
 these organisms for desired traits, natural selection
 can result in change and diversity. In the artificial
 selection of pigeons, for instance, one could select
 for traits such as feather color or body shape, re-
sulting in types of pigeons that look very different
 from one another (fig. .). The resulting vari- 
eties of pigeons seen in figure .  would be the 
 result of breeding over multiple generations. The
 selection is artificial, since it is manipulated by a
 person selecting animals with desired character-
istics and then allowing only these animals to breed
 to produce offspring. These offspring would vary in
 terms of the desired characteristics, and these char-
acteristics could be further selected for in each suc-
cessive generation, resulting in very different forms
 after many generations. Similar examples could be
 given of other domesticated animals, including
 various kinds of livestock as well as pets, such as
 dogs and cats. The great variation in size, shape,
 and coloration of varieties of dogs particularly il-
lustrates the potential of change that can be
 achieved by artificial selection.
 The same phenomenon can be seen in domesti-
cated plants that have been selectively bred during
  15 
 Darwin was a pigeon breeder and also maintained an extensive
 correspondence with animal and plant breeders around the
  world. 
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 the process of domestication. Domesticated plants
 differ from their wild progenitors in a variety of
 characteristics that make them easier to cultivate
 and use as food. An extreme example of artificial
 selection can be seen in wild cabbage, species
 Brassica oleracea, which through artificial se-
lection for exaggerated growth of different parts of
 the plant has resulted in domesticated varieties
 that we know as broccoli, cauliflower, Brussels
 sprouts, cabbage, kale, and kohlrabi. All of these
 are still classified as varieties of the single species
  Brassica oleracea. 
 In describing natural selection as similar to ar-
tificial selection, Darwin was able to show that
 artificial selection can result in forms of species
 that are very different from the original form. Thus
 the notion of natural selection as a mechanism is
 emphasized in this portion of the evidence. Note
 that common descent as a pattern is also evident,
 since successive generations with different forms
 can be traced back to a common progenitor.
 .... Fossil record.   Darwin's understanding
 of Earth's history was increased by his reading of
 Lyell's   Principles of Geology   onboard the HMS
 Beagle. Hence, he interpreted the   fossil record
 based on an understanding of an ancient age for
 the Earth. Furthermore, the fossil record provided
 Darwin with a pattern of what appeared to be a
 succession of species that may be connected by
 descent with modification. After noting the incom-
plete nature of the fossil record, he did note the
 overall pattern of extinct species being found as
 fossils in the same locations as living species, as
 further described in the next section on biogeog-
raphy. Thus he cited evidence of marsupial fossils,
 such as kangaroos and the like, from Australia,
 where marsupials are dominant. He also used his
 own observations of particular animals from
 Figure ..   Breeding varieties of pigeons was well known in nineteenth-century England, and Darwin took up pigeon breeding in . These
 varieties of pigeons were developed by generations of artificial selection from the wild-type variety of pigeon.
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 South America, such as sloths, armadillos, and
 anteaters, in which there are both extinct types and
 living types present in South America but not in
 other parts of the world. This succession from
 older to newer forms seemed to be best explained
 by descent with modification. He also noted that
 the fossil record did not appear to be full of transi-
tional forms that should be found if his theory was
 true, and this is a topic that we will explore in
  chapter twenty-six. Hence, the fossil record pri- 
marily contains evidence regarding common de-
scent; however, the inference of the functions of
 forms observed in the fossil record may relate to
 natural selection as a mechanism involving change.
 .... Biogeography.   The geographic location
 of both fossils and living species shows patterns of
 biogeography   that influenced Darwin to consider
 evolution as an explanation, and he used this
 pattern to support his theory. He noticed that
 plants in the New World are more similar to one
 another than to plants in the Old World even
 though there are locations that have similar cli-
matic conditions. Therefore, plants he observed in
 tropical South America were very different from
 what he observed in the British Isles. As he ob-
served plants in temperate South America, which
 is more similar to the climate of the British Isles, he
 noticed that the plants were more similar in tax-
onomy (classification) to plants in tropical South
 America rather than to those in the British Isles.
 This can be more simply explained by having a
 common origin based on geographical proximity
 than by having been independently created in their
  similar habitats. 
 Darwin's observations of the fauna on islands
 also caused him to question the idea that the an-
imals on oceanic islands were specially created. For
 oceanic islands that were three hundred miles or
 farther from land, he noted the absence of mammals,
 with the exception of bats and of some domesti-
cated animals introduced by people. More convinc-
ingly, he also noted the presence of species that
 were found only on such islands. For instance, he
 found twenty-six species of birds on the Galapagos
 Islands, west of South America in the Pacific Ocean.
 Of these it appeared that twenty-five species were
 endemic (that is, found nowhere else), but these
 endemic species appeared to be similar to birds
 found in South America. Rather than an inde-
pendent creation of these endemic species on these
 islands, Darwin found it explanatorily preferable to
 consider the possibility that these species origi-
nated by a process of change from ancestors that
 came from the mainland and colonized the islands.
 Therefore, we primarily see evidence regarding
 common descent in these patterns of biogeography.
 .... Hierarchical classification.   Darwin
 posited that the   hierarchical classification   that Lin-
naeus proposed provided evidence for common
 descent. Just as Linnaeus's hierarchical classifi-
cation, based on a hierarchy of similarities, can be
 depicted in a tree, the origin of the diversity of these
 species can be considered to have diverged like
 branches on a tree such as that shown in figure .. 
 In fact, the only illustration in   The Origin of Species
 is a branching tree illustrating how differences
 could arise among populations of a single species
 (see fig. .), an idea he extrapolated to consider 
 how separate species could originate. This primarily
 focuses on the pattern of common descent but also
 transformed the meaning of Linnaeus's hierarchical
 classification. Instead of representing the order of
 the creation of static species, hierarchical classifi-
cation came to represent the pattern of evolutionary
 change such that more closely related organisms
 would share a more recent common ancestor than
 more distantly related organisms. Hence, species
 that belong to the same genus would share a
 common ancestor more recently than species that
 belong to different genera but belong to the same
 family. Thus the pattern of hierarchical categories
 relates mainly to common descent.
 .... Homologous structures.   Darwin also
 argued that   homologous structures   seen in related
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 organisms developed from a common origin. Thus
 the forelimbs of various kinds of mammals all
 contain a single bone in the upper portion, two
 bones in the lower portion, a series of wrist bones,
 and a series of finger bones. But those forelimbs
 may have different shapes so that these similar
 structures have different functions (fig. .). Thus 
 the forelimb of a bipedal human has a different
 function from that of a quadripedal animal such as
 a horse, since the human can use its forelimbs for
 grasping and other tasks, while the horse primarily
 uses its forelimbs for walking or galloping.
 Moreover, the forelimb of a bat is adapted for flying,
 while the forelimb of a dolphin is adapted for
 swimming. The observation that these animals, all
 mammals, have a common structure in the ar-
rangement of bones in their forelimbs indicates
 that these structures arose from a common origin,
 even if they are adapted to have different functions.
 Understanding homologous structures might
 be easier by contrasting them with   analogous struc-
tures. Homologous structures would be inferred to
 arise by common descent, while analogous struc-
tures would be those that have a similar function,
 but the evidence leads to an inference of inde-
pendent origin rather than common descent. For
 instance, the wings of birds and bats are considered
 to be analogous as wings, since they are thought to
 have arisen in two independent evolutionary lin-
eages from organisms that did not fly. That is, birds
 and bats are thought to share a common ancestor
 that did not have wings. Moreover, while they have
 a common function and some commonalities of
 structure, they also have some significant differ-
ences in structure. Bird wings depend on the devel-
opment of feathers to provide a surface to support
 flight, while bat wings depend on the development
 of elongated bones between which flattened wing
 tissue is suspended to provide the flight surface.
 While these wings are considered to be analogous
 as wings, they are considered to be homologous as
 forelimbs. This is because birds and mammals are
 considered to have a common ancestor that had
 four limbs (two forelimbs and two hind limbs),
 and it is inferred that the front pair of limbs would
 therefore have a common origin. Furthermore, the
 same basic structure of one bone in the upper arm,
 two in the lower arm, followed by wrist bones, and
 then metacarpal and phalanx bones, can be found
 in both birds and bat wings, although in bats all
 five digits develop, while only three develop in
 birds. We discuss the structure and origin of bird
 wings further in chapter twenty-six. 
  HUMAN 
 Figure ..   Forelimbs of mammals, showing similar arrangement of
 bones, with one bone (purple), followed by two bones (orange and
 green), then a wrist with carpals (red), metacarpals (blue), and
 phalanges (yellow). This basic pattern is adapted for various purposes:
 swimming for dolphins; grasping for humans, which walk on two
 legs; running for horses, which walk on four; and flying for bats.
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 Similarly, Darwin posited that some   vestigial
 structures   arose from homologous structures that
 once had a purpose. Thus snakes have the vestiges
 of pelvis and leg bones, even though these bones
 do not function in walking as the homologous
 bones do in reptiles such as lizards or other tet-
rapods. These vestigial structures are thought to
 have arisen through common descent and subse-
quent loss of function, leading to the inference that
 these characteristics are homologous structures.
 Thus vestigial structures can be explained via both
 common descent and natural selection.
  24.4. DARWIN'S CONCLUSION 
 As seen from the preceding, Darwin mustered
 several lines of evidence to describe and support
 his theory of evolution by natural selection. Other
 lines of evidence have been described that support
 the theory of evolution since Darwin's time, and
 some of these will be further detailed in later
 chapters. As Darwin argued in   The Origin of
 Species, the patterns of similarity and differences
 seen in these lines of evidence are most consistent
 with the theory of evolution rather than alternative
 explanations that were proposed during that time.
 During the time between returning from his
 voyage aboard the   Beagle   in  and when he pub-
lished his book, in , Darwin was reluctant to
 publish his findings since he knew they would be
 controversial. Because his theory focused on a
 struggle for existence, Darwin struggled to make
 sense of this in relation to an omnipotent and
 loving God. He was troubled by learning about the
 way that wasps of the family Ichneumonidae lived.
 These parasitoid wasps lay their eggs on the larvae
 of other insects, such as caterpillars. As the cater-
pillar grows and develops, the wasp larvae begin to
 grow inside the caterpillar, eating the internal
 organs and killing the caterpillar. Darwin found
 this to be irreconcilable with his understanding of
 God from the aspect of natural theology that fo-
cused on God as a designer. This illustrates a major
 shortcoming of the project of natural theology:
 discerning God's character from what we observe
 from nature can lead to a faulty understanding of
 God's character. This aspect of the life of ichneu-
monid wasps could be better understood in the
 context of the ministerial action of creation
 (§ ..), with the wasp larvae being provided a
 source of food from the caterpillar in a manner
 that is qualitatively similar to other animals
 feeding on their prey.
 Moreover, all biological organisms participate
 in complex food webs, which are based on some
 organisms being producers, such as through pho-
tosynthesis, and some organisms being consumers.
 Such ecological interactions lead to a greater sta-
bility and resilience of biological communities of
 organisms, since wasp larvae can result in keeping
 caterpillar (and moth or butterfly) populations
 from overwhelming the plants on which they feed.
 Thus the example of ichneumonid wasps is better
 understood in the context of the functional in-
tegrity of creation. Darwin's doubts about God are
 not a necessary entailment of understanding the
 origin of the diversity of life by Darwinian evo-
lution but at least partly reflect a weak under-
standing of the doctrine of creation.
 Darwin's theory of descent with modification
 via natural selection depended on traits being in-
herited from generation to generation, and on
 those traits showing variation that is inherited. A
 complete theory of evolution would need to ac-
count for both pattern and mechanism. A key part
 of the mechanism involves how genetic traits are
 passed on from generation to generation. Scien-
tists in the nineteenth century had a very rudi-
mentary understanding of inheritance. That
 picture was clarified greatly through Mendel's
 findings published in , but most of these
 findings were ignored until the early twentieth
 century. The rediscovery of the validity of these
 findings regarding inheritance led to a need to shift
 the paradigm of Darwinian evolution, as we will
 see in the next chapter.
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  THE MODERN SYNTHESIS 
  OF EVOLUTION 
  THIS CHAPTER COVERS: 
 The development of genetics and how it
 describes inheritance of traits
 The new understanding of inheritance in
  relation to evolution 
 The modern-synthetic theory of evolution
  Population genetics 
 Mutation as a source of new genetic variation
  for evolution 
 Speciation as a variety of processes that can
 explain the origin of species
 Since any proposed mechanism of evolution will
 depend on how traits are inherited from one gen-
eration to the next, the developments in under-
standing inheritance that occurred in the late nine-
teenth and early twentieth centuries had large and
 important implications for explaining evolution.
 Cell theory, which states that all living organisms
 are made of one or more cells, and that cells come
 only from cells, had only been formulated by the
 mid-nineteenth century even though cells had
 been observed since the development of micro-
scopes in the seventeenth century. This under-
standing of the cell as the basic unit of life meant
 that cells were going to be important in under-
standing inheritance. In one of his books Darwin
 incorporates cell theory in proposing a speculative
 mechanism of inheritance he called pangenesis.   In
 pangenesis,   gemmules   from the cells of the adult
 1
  Charles Darwin, 
 The Variation of Animals and Plants Under Do-
mestication   (London: John Murray, ).
 contribute to the next generation. The gemmules
 would come from the entire organism, and thus
 the acquired form of the organism could be passed
 on. In this way Darwin's pangenesis provided for a
 mechanism of acquired inheritance similar to La-
marck's theory. Moreover, it would result in
 blending inheritance, as both parents contribute
 many small gemmules to the next generation.
 However, other scientists saw problems with
 this idea. One of the most vocal opponents was
 August Weismann (–), who showed that
 acquired traits are not passed on to the next gen-
eration. Among other bits of evidence, Weismann
 used the simple but convincing experiment of
 cutting off the tails of mice before allowing them
 to breed and found that their offspring all had tails.
 He used this evidence as support for developing his
 theory of germ plasm, which states that multi-
cellular organisms have germ cells that are sep-
arate from somatic cells. Inheritance occurs via the
 germ cells, which produce eggs and sperm, while
 changes in somatic cells are not passed on to the
 next generation. This idea is basic to understanding
 inheritance to this day. Weismann also strongly
 supported Darwin's theory of evolution by natural
 selection, and his opposition to acquired inheri-
tance and support of natural selection led to a po-
sition that was called Neo-Darwinism by some,
 since it departed from Darwin's drift to acquired
 inheritance, seen in his proposal of pangenesis as
 an explanation of inheritance.
 But the big change in understanding inheri-
tance occurred with the rediscovery of the work of
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 Gregor Mendel on inheritance in pea plants. When
 Mendel carried out his studies of inheritance, one
 of his main questions was whether organisms
 showed blending inheritance or inheritance of dis-
crete traits. Certainly, blending inheritance can be
 observed readily among organisms for quanti-
tative traits such as weight or height. This general
 observation was considered to be part of how in-
heritance worked and is probably one of the
 reasons that Darwin proposed the mechanism of
 pangenesis. In his research Mendel definitively
 found that inheritance of discrete traits occurs, as
 further explained below. He also provided an ex-
planation for a major source of genetic variation,
 which is crucial to understanding evolution by
 natural selection. Mendel published his findings in
 , but they were largely ignored until almost
  forty years later. 
 The rediscovery of Mendelian genetics in the
 early s led to a need to incorporate the findings
 of genetics into the theory of evolution. Biologists
 incorporated this understanding of genetics into a
 new synthesis of evolution that is often called the
 modern synthesis or Neo-Darwinian synthesis.
 Many of the contributors to the modern synthesis
 eschew the name “Neo-Darwinian” since this
 name is more connected to the idea of resisting
 acquired inheritance that was promoted by
 Weismann and Wallace. Although we will use the
 term “modern synthesis” in this chapter, the name
 “Neo-Darwinian” is descriptive of how this syn-
thesis incorporates new information while re-
taining the Darwinian concepts of common de-
scent and gradual evolution primarily driven by
 natural selection. The first phase of this synthesis
 occurred in the development of population ge-
netics, as described below. A second phase de-
veloped from  to , and it has continued to
 be refined by new findings after this. In fact, the
 modern synthesis is the major way that evolution
 is presented in textbooks today, although many
 scientists have added further new findings, as we
 will explore in chapters twenty-six and twenty-
seven. In this chapter we will explore several of the
 lines of reasoning used in this new understanding
 of evolution. First we turn to what Mendel dis-
 covered about inheritance. 
  25.1. MENDELIAN GENETICS 
 Mendel's discoveries described inheritance so well
 that biologists still refer to his ideas as Mendelian
 genetics. Mendel did so even before the concept of
 gene was developed, before the role of chromo-
somes was discovered in regard to inheritance,
 and long before DNA was found to be the genetic
 material. Mendel investigated the inheritance of a
 series of traits in peas. Each of these traits varied
 in two alternate states. Thus a plant had either
 purple or white flowers, wrinkled or full seeds,
 yellow or green seeds, and so forth. Using the trait
 of flower color as an illustration, Mendel crossed
 pure-breeding peas with white flowers with those
 that have purple flowers (fig. .). The seeds 
 Figure ..   Inheritance of flower color in crosses of peas performed by Gregor
 Mendel, resulting in a ratio of about three to one for plants with purple
 flowers to plants with white flowers.
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 produced from this cross all produced plants with
 purple flowers. Even from this first cross, it was
 apparent that blending inheritance was not oc-
curring, since the flower color in this first filial (F)
 generation was the same as that of the purple-
flowered parents of the parental (P) generation. He
 called the purple flower trait a dominant trait, and
 the white flower trait a recessive trait. When he
 crossed two F plants, the seeds produced plants
 that made either purple or white flowers, in a ratio
 of three purple to one white. He obtained similar
 results with the other traits that he used.
 Mendel explained the results he obtained by
 supposing that each parent in a cross had two “par-
ticles” (we now describe these as two copies of a
 gene carried on two homologous chromosomes).
 The pure-breeding plants had both copies speci-
fying the same characteristic. In reproduction, each
 parent donated one copy to the next generation. In
 this way the purple flowers would donate a   P   copy
 (capital to indicate that it is dominant), and the
 white flower would donate a   p   copy (lowercase for
 recessive). In current genetics terminology, flower
 color is determined by a particular gene, and that
 gene occurs in different forms known as   alleles. In
 this case the gene specifies flower color, with the   P
 allele specifying purple flower color and the   p   allele
 specifying white. The F generation is heterozygous,
 having one   P   allele and one   p   allele, resulting in a
 genotype of   Pp   and a phenotype of purple flowers.
 The genotype describes the genetic makeup of an
 individual, and the phenotype describes the ap-
pearance based on the genotype. When two F
 plants were crossed, each parent could donate
 either a   P   or   p   allele, resulting in the combinations
 shown in the bottom of figure .. Thus one- 
fourth of the plants would have the   PP   genotype,
 one-fourth would have   pp, and one-half would
 have   Pp. Since the   PP   and   Pp   plants would make
 purple flowers, while   pp   plants would make white
 flowers, this would result in three plants with
 purple flowers for every one with white flowers.
 Thus, Mendel's model accounted for the results he
 obtained with pea plants.
 Mendel found a similar pattern with all seven
 traits that he used. His   law of segregation   described
 the random segregation of alleles when passed
 from one generation to the next (fig. .). Random 
 here means that there is an equal probability for
 any of the possible outcomes. In this case, with two
 alleles of the gene, there is a probability of one-half
 for each allele to be passed along in a gamete. A
 nonrandom segregation would result if there was
 a higher probability for one outcome than for the
 other. In addition, Mendel performed experiments
 with plants with two traits at a time, and the law of
 segregation for each trait held true but also
 Figure ..   Mendel's law of segregation, a model that successfully explained
 the pattern of inheritance in peas.
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 allowed him to develop a “law of independent as-
sortment” in regard to how these traits combined
 in the next generation, a topic beyond the scope of
  this treatment. 
 Mendel presented his findings on genetics in
  and published them in , but his work was
 largely ignored. There is evidence that he sent his
 manuscript to Darwin, but the envelope from
 Mendel apparently was never opened, and Darwin
 did not incorporate Mendel's findings in any of his
 published work. Mendel's findings were redis-
covered by several geneticists in , and the con-
cepts in it helped make sense of other phenomena
 involved in inheritance. Work on the inheritance
 of chromosomes that was progressing from the
 s became clear, and in  two scientists,
 Theodor Boveri (–) and Walter Sutton
 (–), independently proposed the chro-
mosome theory of inheritance. Eukaryotic or-
ganisms, those with a true nucleus including an-
imals, plants, fungi, and many other groups, have
 multiple linear chromosomes composed of DNA
 and protein in their nucleus. Organisms often have
 chromosomes carried in pairs (a nucleus with such
 paired chromosomes is called   diploid, with n
 number of chromosomes,   n   representing the
 number of pairs), with one of each pair inherited
 from each parent. In the course of sexual repro-
duction, the nuclear division known as meiosis
 results in separating these pairs so that one of each
 pair goes into each daughter cell, and the nuclei in
 these cells are   haploid, with   n   number of chromo-
somes (fig. .). 
 Most of the cells in a human body are diploid,
 containing n   =  chromosomes. Eggs and sperm
 are produced by meiosis, so each egg and each
 sperm are haploid, each having a nucleus with   n
 =
  chromosomes. After an egg and sperm join in
 fertilization, the two nuclei also fuse, forming a
 new diploid nucleus with n   =  chromosomes,
 with half of the chromosomes coming from each
 parent. The correspondence of this pattern of in-
heritance of chromosomes with Mendel's prin-
ciples of genetic inheritance led to the realization
 that Mendelian genetics provided a helpful de-
scription of inheritance. Thus Mendel's principles
 of genetics were prescient in positing that each
 organism possesses two copies of what we now call
 a gene, and that these copies are separated and re-
combined in a random pattern in sexual repro-
duction, a beautiful example of creation's func-
tional integrity (§ ..).
 As chromosomes in a diploid (n) nucleus sep-
arate in meiosis to form cells with haploid (n)
 nuclei (fig. .), each haploid nucleus can contain 
 many possible combinations of the chromosomes
 contained in the original diploid nucleus. Each pair
 of homologous chromosomes in a n   nucleus con-
tains one chromosome inherited from the mother
 and one from the father. When they separate,
 there is a  percent chance a chromosome will go
 one way or the other. With multiple pairs of chro-
mosomes, it is possible to get multiple possible
 Figure ..   Meiosis, showing a diploid cell with two chromosomes dividing
 to form four haploid cells with one chromosome each.
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 combinations. This can be seen simply in figure 
  ., in which meiosis can result in four possible 
 combinations of chromosomes where   n   = . The
 possible number of combinations increases expo-
nentially with chromosome number, so there are n
 possible combinations for   n   pairs of chromosomes.
 While n =  chromosomes in figure .  re- 
sulted in   or four possible combinations, with
 twenty-three pairs of chromo-
somes, as in humans, there are 
 or ,, possible combina-
tions. The potential for variation
 goes up in fertilization, since there
 would be   possible combina-
tions for both egg and sperm, with
   or over seventy trillion possible
 combinations from just two
 parents. However, even this high
  number grossly underestimates 
 the amount of variation possible,
  since homologous chromosomes 
 can also undergo crossing over, in
 which a portion of one homol-
ogous chromosome is exchanged with the other
 homologue (fig. .). As a result, the possible 
 combinations are nearly incalculable.
 The understanding of genetic inheritance gives
 us a clearer picture of creation's functional integrity
 regarding the continued existence of living
 organisms. Genetic information is passed along
 from generation to generation in a way that pro-
vides great stability, keeping the many kinds of
 organisms going from generation to generation
 with their many essential characteristics that allow
 them to live. In this way this functional integrity
 contributes to the ministerial nature of creation
 (§ ..), providing for the continued existence of
 these many kinds of life, and the different kinds of
 life interact in such a way as to provide for their life
 together in biological communities. But not only is
 there stability; the function of variability is helpful
 as organisms adapt and survive. Such variability
 can result in genetic diversity that can help
 organisms to adapt to new conditions.
  25.2. IMPLICATIONS FOR 
  DARWINIAN EVOLUTION 
 The combination of Mendelian genetics and the
 chromosome theory of inheritance led to the de-
velopment of classical genetics. As this under-
standing of inheritance developed in the early
 Figure ..   Four combinations of chromosomes can be obtained from meiosis through the segregation
 of chromosomes when starting with a diploid cell with four chromosomes (n   = ).
 Figure ..   Crossing over during meiosis results in parts of homologous
 chromosomes being exchanged, resulting in a greater variety of genetically
  distinct haploid cells. 
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 twentieth century, it had several major implica-
tions for Darwinian evolution. Mendelian genetics
 put to rest the idea of blending inheritance. To be
 sure, there are many genetic characteristics that
 are inherited as a quantitative trait, such as height,
 weight, or color, in which there appears to be a
 continuous set of phenotypes, often arranged in a
 normal distribution (i.e., bell curve). Animal
 breeders knew animal weight, for instance, could
 be increased by selecting offspring that were
 heavier and then breeding the heaviest animals
 together generation after generation to obtain yet
 heavier animals. Nevertheless, these traits are in-
fluenced by two or more genes, often many more,
 giving the appearance of continuity of the trait
 when in fact there are a discrete (but perhaps very
 large) number of genotypes possible based on the
 possible combinations of these genes. In this way
 Mendelian inheritance can lead to more progress
 than a simple blending inheritance since it can be
 possible through the inheritance of specific com-
binations of alleles from the parents to get off-
spring that are bigger than both parents, while in
 blending inheritance you would only get offspring
 that are intermediate in size in relation to the
 parents. In other words, blending inheritance
 would tend to erase any differences between two
 parents, which would decrease any chance of evo-
lution. However, the discrete inheritance in Men-
delian genetics can result in greater changes from
  generation to generation. 
 The finding that inheritance occurs in discrete
 character states also means that organisms change
 in discrete steps rather than strictly gradually, as
 posited by Darwin in   The Origin of Species. In fact,
 Darwin said the changes between generations
 would be infinitesimally small. Even before Men-
del's results were found, there were debates over
 whether there could be larger jumps in evolu-
tionary change, reflecting the large differences
 seen in organisms, such as the differences between
 nonvascular plants and vascular plants or inverte-
brate animals and vertebrates. While having larger
 steps may seem like it would result in faster evo-
lution, the genetic variation as described by Men-
delian genetics is the result of recombination of
 genes that are already present, so there is no mech-
anism to produce novelty in this process. Hence,
 change may occur in jumps, but the potential
 range of change is limited.
 Seeing that natural selection acts on genetic
 variation, understanding the manner of how traits
 are inherited will greatly affect how evolution
 could occur. This new understanding of inheri-
tance based on Mendel's principles and chro-
mosome theory provided for a way of generating
 much genetic variation since the recombination of
 genomes that occurs through the processes of
 meiosis and fertilization provides many new com-
binations of genes. Genetics gives us a better un-
derstanding of creation's functional integrity and
 ministerial nature regarding living organisms.
 Trying to connect evolutionary change to this un-
derstanding of the generation of genetic variation
 led to the blossoming of the field of population
 genetics, which provided much of the foundation
 for the modern synthesis.
  25.3. MODERN SYNTHESIS: 
  POPULATION GENETICS 
 Mendel's description of genetics had a strong
 mathematical component, and biologists soon ap-
plied the new understanding of Mendelian ge-
netics to inheritance on a population level, initi-
ating the field of study called   population genetics.
 Starting with Darwin's description of evolution as
 occurring at the level of populations, Mendelian
 genetics provided the theoretical framework nec-
essary to describe the genetic makeup of popula-
tions and how that genetic makeup could change
 over time. While describing the complexity of
 population genetics is well beyond the scope of this
 book, the major points can be understood through
 exploring the basic ideas.
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 ... The Hardy-Weinberg principle.   A major devel-
opment in this field in regard to evolutionary
 theory was independently formulated by British
 mathematician Godfrey H. Hardy (–) and
 German physician Wilhelm Weinberg (–)
 in , and is now called the Hardy-Weinberg
 principle. It states that in a population that is not
 evolving, the frequencies of alleles and genotypes
 in that population will not change from generation
 to generation if only Mendelian segregation and
 recombination of alleles are at work. This means
 that the genetic variation generated by sexual re-
production will not result in evolution by itself.
 Hardy and Weinberg reasoned that a variety of
 conditions must be true for a population not to
 evolve, and these conditions provided a way to un-
derstand a variety of mechanisms for describing
 evolutionary change. This state of a population not
 evolving has come to be called the Hardy-Weinberg
 equilibrium, where there is no change in the allele
 frequencies in a population. This equilibrium con-
trasts with the condition of evolution, where there
 is a change in the allele frequencies in a population
 through the generations. Notice that in the context
 of population genetics, evolution can be defined as
 a change of the genetic makeup of a population.
 To better describe and understand Hardy-
Weinberg equilibrium, consider a gene with two
 alleles, one dominant and one recessive. The pro-
portion of the dominant allele in a population is
 defined as the quantity   p, and that of the recessive
 allele as   q, with   p + q   = . That is, these two alleles
 make up the entire set of genetic variation for that
 gene in a population. Note that this is quite a sim-
plification since there can be many alleles for a
 single gene in a population (although any indi-
vidual would carry only two copies of a gene, and
 thus potentially up to two alleles), but the mathe-
matical principle can be more readily understood
 by considering this case of two alleles. Since genes
 are carried in two copies in the genotypes of indi-
viduals, one can describe the proportions of geno-
types as (p + q)  or    p   + pq   +   q. Here   p   repre-
sents the proportion of individuals that are
 homozygous dominant (carrying two dominant
 alleles), pq   is the proportion that are heterozygous
 (carrying one dominant and one recessive allele),
 and   q   is the proportion that are homozygous re-
cessive (carrying two recessive alleles).
 Looking at the example of purple and white
 flowers in peas, if the proportion of dominant
 (purple) alleles is ., then the proportion of re-
cessive (white) alleles is .. Hence, if there are one
 hundred diploid individuals in a population, they
 will carry two hundred copies of the gene since
 each individual carries two copies. With   p   = .,
 then  of these copies are the dominant allele,
 and the remaining eighty (q   = .) are the re-
cessive allele. The proportion of homozygous-
dominant plants (p) is .  or . (=  percent),
 and the proportion of homozygous-recessive
 plants (q) is .  or . (=  percent), with .
 ( percent) of the plants being heterozygous
 (pq). Since both homozygous-dominant (
 percent) and heterozygous plants ( percent) will
 show the dominant purple-flowered trait, the pro-
portion of the population of plants with purple
 flowers will be . ( percent).
 This might be shown more readily with a case in
 which all three genotypes have distinct phenotypes.
 Snapdragons provide an example of incomplete
 dominance, where a cross of plants with red flowers
 and plants with white flowers produces plants with
 pink flowers. Crossing two pink-flowered plants
 will result in offspring that produce red flowers
 (homozygous red), pink flowers (heterozygous), or
 white flowers (homozygous white). Note that al-
though it appears there is blending inheritance to
 get pink flowers, in the end there are still three dis-
tinct phenotypes. Crossing a pink flower with a
 white flower would not result in flowers that have
 a color between pink and white; rather, one-half of
 the plants would produce pink flowers and one-
half would produce white flowers. Discrete inheri-
tance is still involved, and Mendel's laws still apply.
 Whether the alleles show dominance or incomplete
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 dominance, this mathematical relationship for
 genotype frequencies based on allele frequencies
 can be represented as shown in figure .. 
 ... Assumptions for Hardy-Weinberg equilibrium.
 The Hardy-Weinberg principle states that the allele
 frequencies of this population will not change
 because of the recombination of genes that occurs
 in sexual reproduction, as long as the following
  conditions apply: 
 1. infinite population size (no genetic drift)
 2. no migration (no gene flow)
  3. no mutation 
 4. random mating (no differential reproduction)
 5. no natural selection (no differential selection)
 If these conditions apply, then as individual or-
ganisms produce gametes (eggs and sperm), the
 chromosomes will segregate randomly into
 gametes during meiosis and then combine ran-
domly in fertilization. While the process of sexual
 reproduction, as understood through Mendelian
 inheritance, can result in genetic variation in the
 offspring, it is not able to cause changes in the ge-
netic makeup of a population on its own.
 Since a population at Hardy-Weinberg equi-
librium is not evolving, it represents the null hy-
pothesis. In drawing inferences based on statistics,
 a scientist describes the null hypothesis as the case
 in which there is no relationship between the
 factors being investigated, with an alternative hy-
pothesis being that there is a relationship between
 the factors being investigated. In this case the null
 hypothesis is that there is no change in the genetic
 makeup of the population occurring (compare
 with the simplified cookie-jar experiment in § .).
 If the conditions described above apply, the Hardy-
Weinberg principle states that there will be nothing
 to change the genetic makeup of the population, so
 there will be no evolution. If there is statistical evi-
dence that the null hypothesis is not accepted, then
 the alternative hypothesis that evolution is oc-
curring in such a population would be supported.
 If the genetic makeup of a population, as charac-
terized by its allele frequencies for a particular
 gene, is changing, it may be due to one or more of
 the conditions not being met. Thus this principle
 provides additional insight into mechanisms of
 evolution, as described below.
 .... Genetic drift.   Genetic drift occurs when
 the probability for change in the genetic makeup of
 a population is increased because of small popu-
lation sizes. The Hardy-Weinberg principle is stated
 for a theoretical infinite population size to bring
 the probability for change to zero. In large popula-
tions, the probability of evolution occurring by ge-
netic drift is small. This principle of probability can
 be illustrated by considering the probability of
 flipping a coin and having it come up heads. It is
 improbable but not impossible to get ten heads in
 a row in ten subsequent flips, and the probability
 would be one in , or one in ,. It would be
 much less likely to get one hundred or one thousand
 heads in a row. Thus, in a small population, it
 would be possible to get changes in the genetic
 Figure ..   Frequencies of homozygous dominant (f[PP]),
 heterozygous (f[Pp]), and homozygous recessive (f[pp]) individuals
 in a population under the Hardy-Weinberg equilibrium. With the
 proportion of   P   alleles as   p, and p alleles as   q, this diagram shows the
 genotypic proportions expected in a population that meets the
 assumptions of the Hardy-Weinberg principle.
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 makeup of a population due to chance, which
 would be genetic drift.   It is much less likely for this
 kind of change in genetic makeup to occur if the
 size of the population is large, with theoretically no
 chance of changing with an infinite population size.
 Genetic drift can be a key factor of change in
 the case of a population that is greatly decreased in
 number, which is known as the   bottleneck effect.
 Such an effect has been seen with animals that
 have been greatly reduced in population size, such
 as the American bison or the northern elephant
 seal. Each of these species had been hunted to near
 extinction, resulting in the loss of a great amount
 of genetic diversity. The resulting population had a
 genetic makeup that is different from the original
 population. Any further changes in genetic
 makeup of these populations would be influenced
 from this new starting point.
 A similar change can occur if a small part of a
 population breaks off to start a new and separate
 population, which is known as the   founder effect.
 This is particularly evident with a few individuals
 of terrestrial species colonizing an island. It is
 likely that the few founders of the new population
 will have a different genetic makeup from the
 original population, so the new population would
 have a different genetic makeup from the original
 population by chance, which is the key distin-
guishing characteristic of genetic drift.
 .... Gene flow.   Gene flow occurs when
 there is migration between two or more popula-
tions, which can change the genetic makeup by
 introducing variation from another population.
 This process is called gene flow since genes would
 migrate along with the individuals that move from
 one population to another. This might bring new
 genetic diversity into a population and would
 result in changing the genetic makeup of the popu-
lation as a result. Gene flow is also important as a
 mechanism by which separate populations, which
 2
 Recall that chance or randomness is not lawless chaos but always
 has some form of order (“Going Further: Randomness Is Law-
 Like,” § ..). 
 may be becoming more different from each other,
 can result in lessening that difference by mixing
  with each other. 
 .... Mutation.   A mutation is defined as a
 heritable change in the genetic makeup of an indi-
vidual. Since DNA contains the genetic infor-
mation that is passed from one generation to the
 next, mutation could be defined as a change in the
 DNA. This can easily introduce new genetic traits
 into a population, resulting in changing the genetic
 makeup of the population. Mutation may also be a
 source of new genetic variation, and it will be dis-
cussed in greater detail later in this chapter.
 .... Random mating.   Random mating
 means that any individual is equally likely to mate
 with any other individual of the opposite sex. This
 can be better understood by contrast to a non-
random mating system, such as assortative mating.
 If organisms vary by some factor, such as size, and
 the largest individuals preferentially mate with
 other large individuals, as well as the smallest
 mating with other small individuals, then this will
 alter the genetic makeup of the population, and it
 will no longer show genotype frequencies that
 would be predicted by the Hardy-Weinberg prin-
ciple. This might result in divergent species
 showing smaller and larger size.
 .... Natural selection.   Last, a population
 that is under natural selection, as described by
 Darwin as resulting from differential reproductive
 success, will result in some phenotypes of or-
ganisms being favored so that more offspring from
 these organisms will occur in the next generation,
 while other phenotypes will leave fewer offspring.
 Such differential survival into the next generation
 due to natural selection can result in a rapid change
 in the genetic makeup of the population. The kinds
 of changes can be described in terms of the mode
 of natural selection: directional, stabilizing, and
 disruptive (fig. .). 
 Directional selection can be seen in an example
 of organisms arranged in a continuum, such as
 from small to large or light to dark. If reproductive
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 success is less in light individuals (i.e., they are se-
lected against), then the population will tend to
 change in the direction of a greater number of dark
  to light individuals. 
 Stabilizing selection can be seen where the ex-
tremes are selected against. The number of eggs
 laid by a bird is a trait that is under stabilizing se-
lection. If a bird lays too few eggs, then it will be
 less successful in producing offspring in the next
 generation. If that bird lays too many eggs, it may
 not be able to adequately provide for its offspring,
 and few will make it into the next generation. But
 if the bird lays an appropriate number of eggs, the
 chances of leaving the largest number of offspring
 in the next generation is optimized.
 Under disruptive selection, selection would
 occur against the average state for a characteristic,
 with individuals who are on either side of the av-
erage having a higher chance to reproduce. In this
 scenario, the population will tend to diverge into
 two forms, since individuals of average character-
istic would be less fit and be selected against.
 Looking at these graphs describing these modes
 of natural selection, one could easily come to the
 conclusion that only disruptive selection would
 result in increased diversity. This would be true in
 the context of a single population, but since a
 species might be made of many separate popula-
tions that live in geographic isolation, it is possible
 that various kinds of directional or stabilizing se-
lection would result in populations that are dif-
ferent from one another. Under evolution as con-
ceived under the modern
 synthesis, if enough differences
 accumulate, these could become
  separate species. 
 Thus, as a result of defining
 conditions under which no
 change—that is, no evolution—
 would occur in a population, bi-
ologists have defined several
 factors that can result in evo-
lution. Of these factors, genetic drift, gene flow,
 and natural selection can especially result in wide-
spread changes in the genetic composition of pop-
ulations. Genetic drift, though, would tend to
 reduce genetic diversity in a population rather
 than increase diversity since alleles could be lost
 from a small population through the increased
 probability of a failure to pass some alleles to the
 next generation. But, since most species exist as
 multiple populations, it is likely that separate pop-
ulations would change along different trajectories.
 Likewise, gene flow would tend to reduce differ-
ences between populations. That is, if two popula-
tions had become somewhat different when sepa-
rated, gene flow would tend to reduce those
 differences by mixing the gene pools of the two
 populations. However, it is also possible for gene
 flow to increase the genetic diversity in a popu-
lation with low genetic diversity. Natural selection
 may also reduce the genetic diversity in a popu-
lation, but it does so in such a way to increase the
 frequency of traits that are adaptive for making a
 living. In all of these scenarios, new variation must
 come from somewhere, and the understanding
 that genetics provides for inheritance of various
 alleles, including mutant alleles, means that mu-
tation was considered to be a new possible means
 to generate new variation.
  25.4. MODERN SYNTHESIS: 
  MUTATIONS 
 A mutation is a heritable change in the genetic
 material. The discovery that DNA is the genetic
 Figure ..   Modes of natural selection, with selection against individuals at the arrows.
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 material in the s along with the description of
 the structure of DNA in  opened up a new un-
derstanding of how changes in the genetic material
 could occur. Since mutations are currently under-
stood as heritable changes in the DNA, we will ex-
plain mutations based on an understanding of DNA.
 Recall from chapter twenty  that the coding seg- 
ments of DNA specify the production of proteins,
 with DNA being transcribed into RNA, which is
 translated into proteins, and that a codon com-
posed of three nucleotides in the RNA specifies a
 particular amino acid based on its sequence. The
 simplest mutations, which are referred to as point
 mutations, involve changing a nucleotide base at
 one position along the DNA (fig. .). Because of 
 the degeneracy of the genetic code (recall that
 there are  possible codons encoding for  dif-
ferent amino acids), it is possible to change a nu-
cleotide at one position and have no change in
 which amino acid is being specified by that codon.
 This would be a   silent mutation, which does not
 have an effect on what is being expressed. Second,
 in changing from one nucleotide to another, one
 could specify a different amino acid at this po-
sition, which would be a   missense mutation. If the
 change in letter caused the codon to change so that
 it encoded for a stop codon, it
 would be termed a   nonsense mu-
tation. This type of mutation
 would be much more severe,
 since it would stop protein syn-
thesis at the point where the mu-
tation occurred. In this case, the
 severity of the mutation would be
 determined by the position
 within the coding sequence; a
 mutation near the beginning of
 the coding sequence would be
 much more likely to result in a
 nonfunctional protein than a mu-
tation near the end.
  Small-scale mutations may 
 also result in the insertion or de-
letion of one or more nucleotides. If a single nucle-
otide is either inserted or deleted, it results in
 shifting the reading frame of the codons, resulting
 in changing many amino acids. If three nucleotides
 were inserted or deleted, there would not be a
 frameshift, but there would be a difference of one
 amino acid at the point of the insertion or deletion.
 Frameshift mutations   usually have a much larger
 effect than other small-scale mutations.
 Large-scale mutations, involving large stretches
 of DNA, may also occur. A section of DNA can be
 deleted, duplicated, inverted, or translocated some-
where else. In an   inversion, a segment of DNA is
 removed and then replaced in the same place but
 in reverse order. This is facilitated by the fact that
 DNA is a long molecule, and it can curve back on
 itself. Thus an inversion could occur at the place
 where the DNA intersects in such a loop. In a   trans-
location, the section of DNA that is removed from
 one part can be inserted somewhere else, which
 may affect the function of the DNA where the in-
sertion occurred. This would be somewhat similar
 to crossing over in meiosis (fig. .), but it would 
 involve nonhomologous chromosomes rather than
 the exchange of parts of homologous chromosomes.
 In addition, there may be a fusion between two
 Figure ..   Point mutations include the substitution of one nucleotide for another or the
 insertion or deletion of one or a few nucleotides, resulting in a variety of changes.
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 chromosomes, resulting in a single chromosome
 where there was one. The largest-scale genetic
 change would be duplication of the entire genome,
 such as going from a diploid (n) to a tetraploid
 (n) set of chromosomes within a nucleus, perhaps
 by a failure of mitosis to separate the chromosomes
 in nuclear division. More will be said about this
 phenomenon, polyploidy, later in this chapter.
 Mutations are evident in the variability seen in
 comparing DNA sequences between individuals of
 a species, with more variability seen as the com-
parison is made with other species (see chap. ). 
 Most of the variations
 seen are from point mu-
tations, as described in
  figure .. As DNA is 
 synthesized using the ex-
isting DNA as a template
 to be copied, the enzymes
 involved in the process
 work to provide a very
 close replica of the
  original template. DNA 
  polymerase, which makes 
 the initial copy, is capable
 of copying with such ac-
curacy that only one
 mistake is made every ten
 thousand bases. A set of mismatch-repair enzymes
 brings that accuracy to about one mistake every ten
 million to one billion bases. This is a remarkably
 accurate process, even though the accuracy can
 vary by several orders of magnitude, depending on
 a variety of factors. Since the genomes of most or-
ganisms are measured in the billions of bases, and
 since DNA synthesis occurs many times in a single
 organism, as well as many more times in all of the
 organisms on Earth, there is both great stability in
 the overall genomes due to the accuracy of DNA
 synthesis and a great deal of variability.
 In terms of function, these mutations may have
 neutral, harmful, or beneficial results. The neutral
 results might come from a silent mutation (fig. 
  .) or from a change of amino acid that results in 
 no change in function. Nonneutral mutations
 often result in the loss of function, and such a
 result can be especially seen from point mutations
 such as nonsense mutations or frameshift muta-
tions, as well as chromosomal mutations such as
 deletions (fig. .). Some of the loss-of-function 
 mutations can be seen in the presence of pseudo-
genes, which are sequences of DNA that appear
 like a gene but do not function anymore as a gene.
 Other times mutations are found that appear
 to result in the gain of function or a change
 of function. Both loss-of-function and gain-
of-function mutations may have either beneficial
 or adverse effects, depending on the particular
 gene and the particular way in which it is mutated
 within an organism's context.
 Categorizing a mutation as beneficial, adverse,
 or neutral is best decided based on how it affects
 the reproductive potential of that individual. Re-
productive potential would best integrate the
 various effects a mutation may have, which might
 differ depending on the context of the mutation in
 the organism's genome, the overall body of the or-
ganism, and even aspects of its ecological niche.
 Adverse mutations would tend to be eliminated by
 natural selection, while beneficial mutations
 Figure ..   Chromosomal mutations may occur by the rearrangement of segments of a chromosome. Chromo-
somes are made of long stretches of DNA, with many genes encoded on each chromosome. The letters in this
 diagram indicate segments of DNA and not necessarily single genes. The arrows indicate where breaks occurred in
  these mutations. 
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 would be more likely to persist and spread in the
 population. Those variations having no effect on
 organisms' reproductive potential would not nec-
essarily be filtered out by natural selection and so
 might persist and accumulate over time. In these
 ways it is possible for a mutation that originated in
 a single individual to spread and persist throughout
 a population. 
 Thus both small- and large-scale mutations
 appear to be the source of new genetic information
 that would be necessary for evolution to occur.
 Rather than assert that such a process excludes or
 is contradictory to God's action, it would be better
 to consider how these changes may be part of cre-
ation's functional integrity (§ ..) and ministerial
 nature (§ ..). There is great genetic diversity
 seen in populations of individual species, as well
 as even greater genetic diversity seen among the
 many species of organisms on Earth. Such genetic
 diversity is fundamentally important for the sta-
bility and resilience of life on earth and is derived
 from the genetic variability that can arise through
 mutation and genetic recombination. On a smaller
 scale, such as in populations, such genetic diversity
 provides the variation that allows for survival of
 the population. Populations that have declined in
 size have less genetic diversity (as in the bottleneck
 effect, § ...) and are sometimes more suscep-
tible to genetic defects, diseases, and other factors
 that can further lead to the decline of these popula-
tions. On a larger scale, such as the diversity of
 species living in a particular habitat, the diversity
 of interactions among these species, such as pre-
dation, competition, and mutualism, provides for
 the stability and resilience of the community of
 organisms. If any change occurs in the envi-
ronment, including changes in these interactions
 with other species, having mechanisms of genetic
 variability to produce genetic diversity provides a
 way for the continued flourishing of life as well as
 means for producing new species. Furthermore, it
 is possible to see genetic variation as a means
 through which the creation responds to its call to
 produce varieties of creatures under the en-
ablement of the Holy Spirit.
  25.5. MODERN SYNTHESIS: 
  DEFINING SPECIES 
  AND SPECIATION 
 Along with a definition of evolution based on the
 changing genetic makeup of a population, the
 modern synthesis also developed definitions of
 microevolution and macroevolution.   Microevo-
lution   is generally defined as the change at or below
 the level of species.   Macroevolution, or change
 above the level of species and with regard to the
 grand scale of biological diversity, is inferred to be
 a result of accumulated microevolution. This con-
tinues the extrapolation made by Darwin in in-
ference three regarding natural selection, de-
scribed in section ....
 ... Defining species.   Since the definition of micro-
evolution and macroevolution revolves around the
 origin of species, a clear definition of species was
 needed. Species had been defined based on differ-
ences in morphology (form), so that organisms
 that looked different were classified as being in dif-
ferent species. Certainly, there is variation in each
 species, so the definition of morphological species
 can refer to discontinuities in morphology. The
 biological species concept   was the key definition of
 species proposed as part of the modern synthesis,
 stating that species are defined as a group of or-
ganisms that are capable of interbreeding to
 produce fertile offspring. Using this species
 concept, one can discern when diverging kinds
 have become new species based on whether they
 are able to interbreed. Reproductive isolation can
 occur because of prezygotic or postzygotic mecha-
nisms. There are a number of prezygotic repro-
ductive isolation mechanisms that can prevent
 fertilization to form a zygote, while postzygotic
 isolation mechanisms prevent a zygote from devel-
oping into a fertile offspring. For instance, red sea
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 urchins and purple sea urchins, both of which re-
lease eggs and sperm freely in the water of the
 ocean, are separate species because the sperm of
 one kind is unable to fuse with the egg of the other
 kind. Likewise, horses and donkeys are considered
 to be separate species, even though it is possible to
 interbreed the two and produce a mule, since
 mules are sterile and hence unable to reproduce
 more of their kind.
 While this definition of species has been widely
 used, particularly in science education, there have
 been too many cases where this definition does not
 provide a helpful description of species, so that
 most biologists consider it to be of limited use. An
 example of how this concept does not fit what bi-
ologists observe is seen in a variety of “ring species,”
 in which one population of a species is able to in-
terbreed with an adjacent population, and this
 second population can interbreed with the next
 population, and so on, but the first population
 cannot interbreed with a population further down
 the line of interbreeding populations. Some biolo-
gists would still consider these populations as
 members of a single species, particularly since they
 share a common gene pool since genes can flow via
 interbreeding among the populations. Even with
 these limitations, the biological species concept
 does provide a definition for determining when a
 new species may be discerned.
 ... Modes of speciation.   The modern synthesis
 also produced better-developed descriptions for
 speciation, meaning the development of new
 species. Two major modes of speciation have been
 proposed:   allopatric speciation   and   sympatric spe-
ciation. Allopatric (from Greek   allo, meaning “dif-
ferent,” and   patris, meaning “homeland”) spe-
ciation occurs when populations are geographically
 isolated. In sympatric (sym   meaning “together”)
 speciation, the populations are not geographically
 isolated. To better understand these modes of spe-
ciation, let us consider some mechanisms and sce-
narios of both modes.
 .... Allopatric speciation.   Allopatric spe-
ciation is simpler to conceptualize and has been
 considered to be of greater importance by evolu-
tionary biologists. For instance, it is thought that
 the formation of the Grand Canyon led to the geo-
graphic isolation of two populations of squirrels
 that differentiated into two species: Kaibab
 squirrels on the north side and Abert squirrels on
 the south side. Similarly, the glaciations of the ice
 ages in North America have been thought to sep-
arate eastern and western populations of birds,
 leading to speciation of some species of birds, such
 as eastern and western meadowlarks, and eastern
 and western bluebirds. These separate species often
 appear similar, but they form separate biological
 species since they no longer interbreed, even
 though the geographic barrier of the glaciers no
 longer separates these species. Another example of
 allopatric speciation can occur as a founder popu-
lation lands on an isolated island, separating it
 from the larger population on the mainland from
 which the founder population originated. Since
 this founder population would be geographically
 isolated from the mainland population, there
 would not be any gene flow with the original popu-
lation. As noted above, the small founder popu-
lation may have a different genetic makeup from
 the mainland population via genetic drift.
 Moreover, the environmental conditions would
 usually be different in the isolated population, so
 different traits would be selected for in these dif-
ferent areas. If these two populations diverge
 enough so that they become reproductively iso-
lated from each other, they would be said to have
 formed two species where there was formerly one.
 The example of a small founder population
 landing on an island is a special case of allopatric
 speciation that has been termed   peripatric   (peri-
meaning “near”) speciation. In this case, the popu-
lation is near other populations of the same species
 but is isolated. The occurrence of a small popu-
lation on an island makes it likely that the genetic
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 makeup of this population is different from that of
 the original population. In addition, the small size
 makes it more likely that changes could occur by
 genetic drift. Add to this the environmental condi-
tions in the new island environment, and rapid
 change can happen through selection on the
 limited genetic variation of the offspring of the
 founders. This is consistent with the observation
 that islands contain many species that occur only
 on these islands, such as the birds that Darwin col-
lected in his journey to the Galapagos Islands or
 the many species of fruit flies that occur in the Ha-
 waiian Islands. 
 .... Sympatric speciation.   Sympatric spe-
ciation is more difficult to conceptualize, but it can
 be illustrated by describing several mechanisms
 that might lead to speciation without geographical
 isolation. For instance, if a species is making use of
 several types of food in its environment, such as
 birds eating various kinds of seeds and insects,
 birds that had beaks that specialized on specific
 kinds of food might be able to obtain food more
 efficiently. It would be more difficult for birds with
 nonspecialized beaks to compete with those with
 specialized beaks. By specializing in different kinds
 of food, there might be less competition for food,
 which may contribute to greater fitness. Hence, by
 dividing up the roles played by these organisms in
 their ecosystems, a phenomenon biologists refer to
 as   niche partitioning, it may be possible for several
 species to arise driven by selection due to compe-
tition for food. Another possible mechanism
 leading to sympatric speciation would occur if or-
ganisms did not mate randomly. Random mating
 is one of the assumptions for a population in
 Hardy-Weinberg equilibrium, and an alternative
 might be   assortative mating, in which organisms
 mate with organisms that are more similar to
 themselves. For example, if the larger individuals
 of a population preferentially mated with other
 larger individuals, and smaller with smaller, this
 could result in speciation if the larger and smaller
 ones were more fit than individuals of average size.
 This mechanism may overlap with the idea of niche
 partitioning since the different-sized organisms
 might specialize on different parts of the resources
 available in their habitat.
 A possible example is provided by studies done
 with black-bellied seedcrackers, a type of bird
 found in tropical Africa. Two different morphol-
ogies, one with small bills and another with large
 bills, have been observed in these birds. The young
 birds raised in the nests of these two morphs show
 a preference for different kinds of seeds. Birds with
 smaller bills feed preferentially on seeds of soft-
seeded nutrushes, which are abundant at the time
 when the young birds are ready to leave the nest.
 Similarly, birds with larger bills feed preferentially
 on seeds of hard-seeded nutrushes. This appears to
 be an example of disruptive selection (fig. .), 
 and it could lead to the development of separate
 species in the future if reproductive isolation de-
velops. From the standpoint of natural selection,
 the beak sizes contribute to the degree of fitness of
 these birds for their continued survival, and assor-
tative mating could result in sympatric speciation.
 Last, sympatric speciation could occur via   poly-
ploidy. Polyploidy refers to the condition in which
 an organism contains multiple sets of chromo-
somes in the nuclei of its cells. This can happen
 during the process of meiosis, in which cells nor-
mally divide in such a way that the number of
 chromosomes in the daughter is reduced to half, as
 when n   cells divide to become n   cells such as
 eggs and sperm. Sometimes the chromosomes fail
 to separate, resulting in eggs and sperm with a n
 number of chromosomes, so that when egg and
 sperm fuse in fertilization it produces a zygote
 with n   number of chromosomes. Alternatively, it
 is also possible to get polyploidy in mitosis, when
 cells normally divide in such a way that the two
 daughter cells each get a copy of all the chromo-
somes, if the separation of the chromosomes is
 blocked so there is only one daughter cell that con-
tains both sets of chromosomes (fig. .). If a
 sperm with n   chromosomes fuses with an egg
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 with n   chromosomes, the re-
sulting zygote will be polyploid,
 with n   chromosomes. Thus,
 polyploid cells may have n   or
 greater number of chromosomes.
 Nevertheless, an organism with
 triploid (n) cells will be sterile,
 since that organism will not be
 able to undergo meiosis, because
 the chromosomes would not be
 paired in such a way that the
 daughter cells would each receive
 half of the chromosomes of the
 mother cell. Generally, organisms
 with an even number of sets of
 chromosomes (e.g., n, n, n)
 are able to undergo meiosis and
  normal reproduction. 
 This mechanism appears to be
 particularly relevant in plants
 since there is evidence for polyploidy in many
 plants, which appears to allow for hybrids to be
 fertile. When two species are able to hybridize but
 are not able to produce viable offspring, typically
 sterility is caused by the inability of chromosomes
 to pair up correctly for division during meiosis.
 Without meiosis, it is not possible to produce
 haploid gametes for fertilization, and sexual repro-
duction has been halted. However, this sterility
 could be overcome by hybridization between two
 individuals in which the chromosome number has
 been doubled, as occurs in polyploidy. If an or-
ganism has n   chromosomes, then gametes pro-
duced after meiosis would have n   chromosomes.
 If gametes from two different but similar species
 combine, and each carries a n   complement of
 chromosomes, then the resulting n   hybrid nu-
cleus would contain paired chromosomes from
 each of the parent cells from which it was derived.
 Moreover, this new hybrid would be able to
 produce gametes with n   number of chromosomes.
 If one of these gametes fuses with another gamete
 from another similar hybrid carrying n   chromo-
somes, then the resulting n   organism will be
 viable. But if the n   gamete fuses with a n   gamete
 from one of the parent species, it will result in a n
 zygote, which would produce a sterile organism, as
  noted above. 
 By the biological species concept, the n   hybrid
 would be a new species, able to reproduce with
 other n   hybrids like it but unable to reproduce
 with species with the n   species from which it was
 derived. Such a species can arise in a single gen-
eration if hybridization is accompanied by poly-
ploidy. This is prevalent in the plant world and is
 particularly evident in domesticated plants, many
 of which are polyploid hybrids, such as hexaploid
 (n) wheat or octoploid (n) strawberries.
  25.6. EVOLUTION IN ACTION 
 Examples of evolution in action have helped to
 provide further insight into how natural selection
 may contribute to evolution, both from experi-
mental investigations and from studying natural
 populations. For instance, the evolution of guppies
 in response to predation has been studied by
 Figure ..   Polyploidy can occur if the number of chromosomes in a cell doubles, such as may
 occur through the lack of separation of chromosomes during the division of the nucleus. A
 shows a case in which the extra set of chromosomes belongs to the same parent, and B shows a
 case in which the chromosomes from different species are present in the nucleus.
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 putting guppies into ponds with different kinds of
 predators. Male guppies have great variety in the
 size and frequency of spots on them, and these
 make them conspicuous. The more conspicuous
 males have a better chance of mating with females.
 Nevertheless, conspicuous males also have a lower
 chance of surviving predation. In experiments that
 were conducted in artificial ponds in a greenhouse
 and natural ponds in the wild, relatively incon-
spicuous guppies from ponds with predators were
 moved to ponds with no predator present. After
 several generations, the size and number of spots
 present on male guppies increased.
 A similar phenomenon has been observed in
 populations of a bird called the central European
 blackcap. Central European blackcaps have his-
torically spent their summers in southern
 Germany and Austria and have migrated
 southwest over the Alps to Spain for the winters.
 With the recent increase of bird feeders in the
 United Kingdom, some blackcaps that migrated
 northwest to the British Isles were able to survive,
 resulting in a migration divide. About  percent
 of blackcaps migrate northwest. Birds that flew to
 the British Isles have a shorter distance to migrate
 and do not have to cross the Alps. Over about
 thirty generations, it was found that these two
 populations diverged in a couple of ways. Birds
 that migrate to the British Isles have shorter and
 rounder wings, which are better for maneuver-
ability but not as good for traveling long distances.
 The birds that migrate to Spain have longer and
 sharper wings, better for traveling long distances.
 The splinter group that migrates to Britain also has
 narrower and longer beaks, which might be re-
lated to the diet of seeds present in the bird feeders,
 in contrast to the broader beaks for the fruit-
eating birds that fly to Spain. This may be the start
 of a new species, albeit one that may be dependent
 on the ongoing goodwill of people who place bird
 feeders in their yards.
 The examples of evolution observed in the
 course of a human lifetime are typically micro-
evolution, occurring at the level of species or
 below. Furthermore, the scenarios of allopatric
 and sympatric speciation are usually described in
 the context of microevolution, or at best evolution
 within a limited grouping, such as the finch family
 or palm family. In the gradualism posited in the
 modern synthesis, macroevolution is considered
 to be the result of accumulated microevolution,
 so that as various species diverge they form
 species that can be classified as separate genera,
 then separate families, and so on up through the
 higher taxonomic groupings. Two kinds of evi-
dence can be explored to see whether species
 show common ancestry and how evolution oc-
curred by selection and other forces acting on
 genetic variation. The fossil record provides a
 look through preserved specimens from the past.
 A study of living organisms, including their mor-
phological features and their DNA, provided the
 first idea of a hierarchical scheme of classification,
 and new methods, particularly using DNA, have
 shed much light on the relationships that can be
 seen among living organisms.
 Going Further: The Case of Melanism
 in the Peppered Moth: Investigating Natural
 Selection, Mutation, and Evolution
 The case of the peppered moth is a classic example of natural selection in action that has been used to illustrate how
 natural selection and mutation can result in change. The peppered moth is typically a light gray color with black specks.
 However, in areas of England where coal was used for fuel, moths with black bodies and wings appeared and became
 abundant (fig. .). It was hypothesized that the light-colored moths would blend in well with lichen-covered tree 
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 trunks and branches and thus be less susceptible to predation by birds. Moreover, it was thought that dark-colored
 moths became more prevalent because coal soot killed the lichens covering these trunks and made them dark so that
 the dark moths would blend in while the gray moths would stand in sharp contrast. The phenomenon of dark wings and
 bodies appeared in about two hundred species of moths, and it was termed industrial melanism because of the pro-
posed link to industrial pollution. This phenomenon was further investigated by H.B.D. Kettlewell in the s.a  He was
 able to gather observations of dark and light moths in various parts of England and demonstrated that dark moths were
 particularly abundant in areas with high amounts of pollution from burning coal. He also did a release-and-recapture
 experiment with moths that were marked with a small dot of paint on the back side of the wing, and he recaptured
 fewer light-colored moths, which was consistent with the hypothesis that the moths were being selectively preyed on
 by birds. Nevertheless, his investigation was flawed in that he released moths during the day, when they would nor-
mally already be perched, and in that he released moths near the trunk instead of near the branches of trees, where they
 would more typically perch. Furthermore, migration may be occurring in these populations of moths that would change
 the pattern of abundance of moths of these different color morphs. In spite of these flaws, the explanation that natural
 selection due to susceptibility to predation by birds seems to be the most reasonable explanation for the occurrence of
 high numbers of melanic moths.b  This is supported by the demonstration that with the advent of legislation to clean up
 air pollution, there has been a drop in the frequency of melanic moths.
 The change in gene responsible for melanism in peppered moths was reported in .c  The mutation involved the
 insertion of a transposable element, a segment of DNA that is able to duplicate itself and insert itself into another part
 of the DNA, in the first portion of a gene called   cortex   that is involved in cell-cycle regulation. This is not the kind of gene
 that was expected by researchers, but it was found that this mutation results in the accumulation of the gene product in
 such a way that it changes the developmental progression of color in the wings and body so that it is dark. Furthermore,
 this involves a kind of genetic change that was not known by the framers of the modern synthesis. This gain of function
 mutation is also consistent with earlier investigations that showed that melanism was a dominant trait. It would take
 only one copy of this allele to result in gene expression that would induce the development of the dark morph.
 Even though this case illustrates how change can occur in response to changes in the environment, these dark forms of
 moths are still considered the same species as the native forms, and the changes are considered microevolution. Neverthe-
less, this case illustrates how a change in the environment caused by humans can alter the course of evolutionary change.
 a
 H. B. D. Kettlewell,“Selection Experiments on Industrial Melanism in the Lepidoptera,”Heredity    (): -; “A Survey of the Frequencies of   Biston
 betularia   (L.) (Lep.) and Its Melanic Forms in Great Britain,”   Heredity    (): -.
 b
 See reviews by Bruce S. Grant, “Fine Tuning the Peppered Moth Paradigm,”Evolution    (): -; and L. M. Cook and I. J. Saccheri, “The Peppered
 Moth and Industrial Melanism: Evolution of a Natural Selection Case Study,”   Heredity    (): -.
 c
 Arjen E. van't Hof et al.,“The Industrial Melanism Mutation in British Peppered Moths Is a Transposable Element,”Nature    (): -.
 Figure ..   The peppered moth, showing the typical (typica) form on the left and the black (carbonaria) form on the right.
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  EXPLORING THE EVIDENCE 
  ABOUT EVOLUTION: 
  PHYLOGENY AND FOSSILS 
  THIS CHAPTER COVERS: 
 Exploring evidence regarding evolution as a
 branching tree that represents common
 ancestry and change through time
 Using genomes to provide detailed evidence
  regarding phylogenetic classification 
 Fossil record evidence for evolution over time
  and intermediate forms 
 Evidence for rapid evolutionary changes rather
  than gradual changes 
 The modern synthesis of the theory of evolution
 was developed in response to new understandings
 of inheritance and genetics. As a new synthesis, it
 represented a shift in the paradigm of evolution,
 although it still retained a variety of aspects from
 Darwin's original description of evolution. As
 noted in the last chapter, this new synthesis was
 necessitated by a better understanding of inheri-
tance. To review briefly, the modern synthesis fo-
cuses on regularities of creation in population ge-
netics and several factors such as natural selection,
 genetic drift, and gene flow that cause gradual
 changes in the genetic makeup of populations.
 Darwin's original concepts of common descent and
 natural selection are included, but the modern
 synthesis incorporates new discoveries about ge-
netics made in the early twentieth century. Besides
 the factors mentioned above, new genetic infor-
mation could arise by mutations, and this new ge-
netic information would also be acted on by these
 same factors. The overall result is that evolution
 occurs by gradual changes (i.e., microevolution),
 with the accumulation of gradual changes resulting
 in large changes (i.e., macroevolution) over time.
 These kinds of changes can be better under-
stood and evaluated by exploring some of the evi-
dence that is observable from living organisms and
 fossils. In this chapter we will explore some ob-
servable patterns and then see whether the infer-
ences about these observations based on the
 modern synthesis provide a rational and insightful
 explanation for these patterns that helps us under-
stand the origin of the diversity of life.
 The evolutionary history of a species or a group
 of species is known as   phylogeny. A useful way to
 represent phylogenetic relationships is to draw
 them as a tree, as briefly introduced in chapter 
  twenty-four. The evidence used to draw trees is 
 most commonly taken from extant (currently
 living) organisms. This evidence might be ob-
served by describing the morphological character-
istics of organisms, such as the same kinds of char-
acteristics used by biologists to classify these
 organisms into various groupings. Alternatively,
 this evidence might be observed by sequencing the
 proteins and nucleic acids in an organism, which
 provides an information-rich set of data from
 which to draw inferences. A specific phylogenetic
 relationship that is represented in a phylogenetic
 tree is a hypothesis regarding how evolution may
 have occurred in the organisms represented on
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 that tree. The hypothesis may be well supported by
 the data from the living organisms that were used
 to make that tree, but this is based on specific as-
sumptions that will be explored below.
 While exploring the inferred pattern of evo-
lution from extant species is helpful, it infers
 events in the past regarding common ancestry and
 divergence of new species. To explore direct evi-
dence of changes in the past, it is helpful to explore
 the characteristics of fossils. The morphological
 features of fossils can be used in a similar way to
 extant living organisms. Additionally, some fossils
 have DNA or protein preserved, providing the op-
portunity to gain information-rich observations
 from the sequences of nucleotides or amino acids
 in these biomolecules that can be compared to
  other organisms. 
 In this chapter, we will be exploring patterns of
 evolution by learning how phylogenetic trees are
 constructed, how evidence from DNA sequences
 has been used in phylogenetic trees, and how fossil
 evidence can help us more directly explore the
 transitions predicted by evolution. Thus, by
 looking at the patterns we can discern from the
 observable evidence of the morphology and from
 the DNA sequences of living organisms, we can
 both () assess the evidence whether evolution is
 occurring and how it may occur and () evaluate
 whether the modern synthesis, which infers that
 gradual changes have accumulated to result in the
 large differences in living organisms, is a helpful
 explanation of these patterns.
  26.1. PHYLOGENETIC TREES 
 Phylogenetic trees have been useful ways to illustrate
 inferred evolutionary relationships. As noted in
  chapter twenty-four, the basic task of describing how 
 many species are present has been organized around
 the paradigm of classifying them in a hierarchically
 nested set of groups, as described by Linnaeus.
 Darwin later utilized this hierarchical pattern as a
 major piece of his argument for common descent.
 Starting with data from the living species rep-
resented at every branch tip, the interesting rela-
tionships regarding ancestry are represented in
 the branch points that lie behind the tips. The
 objective of scientists is to determine which
 pattern of branching best fits the evidence, a form
 of inference to the best explanation (§ ..). Such
 inferences indicate common ancestry and thus
 infer that a particular kind of organism existed at
 each branch point, also known as a node. When
 a scientist presents a tree based on evidence of
 varying degrees of similarity, she is presenting a
 hypothesis that seems to best fit the evidence for
 how evolution happened in the past. It may or
 may not exactly match the actual historical
 pattern that developed, and the likelihood of how
 closely the best-supported tree matches the
 actual pattern can be inferred but not known
  with absolute certainty. 
 Since biologists consider common descent
 via evolution to be the best explanation for the
 origin of life's diversity, they have considered
 the most helpful way of classifying organisms
 together to be based on discerning the pattern
 of common descent among a group of or-
ganisms. This can be most simply done by com-
paring the features that these organisms have,
 then seeing which organisms are most similar
 to each other and discerning those that are pro-
 gressively less similar. 
 Note that by starting with living organisms, we
 would not necessarily represent all kinds of life that
 ever lived. If there were parts of the tree repre-
senting extinct species that did not give rise to de-
scendants that persisted to the present, then we
 would have no evidence of it in the present. We
 could call such organisms, and the branches of the
 tree that represent them, evolutionary dead ends.
 The fossil record provides many examples of such
 evolutionary dead ends.   Darwin included this
 1
 Theologian Colin Gunton warns us about over interpreting such
 “dead ends” as somehow counting against God's purposeful
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 Going Further: Origin of Darwin's Tree of Life
 Darwin recorded many of his observations and thoughts during his voyage on
 the   Beagle. In , as he considered the way that organisms might change
 through descent across generations, he drew a branching tree to represent how
 living things might be linked (fig. .). This tree is similar to images of those 
 representing genealogies; however, Darwin's tree represented new species
 arising and some species going extinct. Although not the first depiction of a
 tree of life,a  it is the first depiction of such a tree used by Darwin as he consid-
ered both common descent and descent with modification.
 The only figure in Darwin's   The Origin of Species   was a branching tree to
 illustrate the way that evolutionary relationships might be represented (fig. 
  .). Darwin described this representation of phylogeny as a tree as follows: 
 The affinities of all the beings of the same
 class have sometimes been represented by a
 great tree. I believe this simile largely speaks
 the truth. The green and budding twigs may
 represent existing species; and those pro-
duced during former years may represent
 the long succession of extinct species. At
 each period of growth all the growing twigs
 have tried to branch out on all sides, and to
 overtop and kill the surrounding twigs and
 branches, in the same manner as species
 and groups of species have at all times over-
mastered other species in the great battle
 for life. The limbs divided into great branches, and these into lesser and lesser branches, were themselves once,
 when the tree was young, budding twigs; and this connexion of the former and present buds by ramifying
 branches may well represent the classification of all extinct and living species in groups subordinate to groups. Of
 the many twigs which flourished when the tree was a mere bush, only two or three, now grown into great
 branches, yet survive and bear the other branches; so with the species which lived during long-past geological
 periods, very few have left living and modified descendants. From the first growth of the tree, many a limb and
 branch has decayed and dropped off; and these fallen branches of various sizes may represent those whole orders,
 families, and genera which have now no living representatives, and which are known to us only in a fossil state.b
 Darwin's description aptly describes how trees are used today—as representations of evolutionary history. Darwin
 describes the tips of the branches as green and living, and in the same way, the tips of a phylogenetic tree can be said to
 represent species living at present, while the brown branches below it illustrate the historical path of evolutionary change.
 a
 David P. Mindell, “The Tree of Life: Metaphor, Model, and Heuristic Device,”   Systematic Biology    (): -.
 b
  Charles R. Darwin, 
 On the Origin of Species by Means of Natural Selection, Or The Preservation of Favoured Races in the Struggle for Life, th ed. (London:
 John Murray, ), -.
 Figure ..   Darwin's first depiction of
 the tree of life from his notebook.
 Figure ..   The only figure Darwin included in   Origin of Species   was a tree
 presented in a foldout page to illustrate descent with modification and the
 nature of common descent and extinction.
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 idea in his description based on what he observed
 in the fossil record and on the logical inference
 from his theory of evolution.
 ... Constructing phylogenetic trees.   When con-
structing a tree for a particular group of organisms,
 there are multiple possible patterns of branching to
 choose from, each of which could be considered an
 alternative hypothesis for how these species origi-
nated. Scientists then examine the data to de-
termine which hypothesis is best supported by the
 evidence. A good way to understand this would be
 to ask which species among a group share the most
 recent common ancestor. The
 answer would come by exam-
ining the characteristics of each
 species and seeing which two
 species share the most character-
istics. These two species would be
 inferred to be sister species (tech-
nically referred to as   sister taxa)
 since they share the most recent
 common ancestor. This is anal-
ogous to a family tree, in which
 siblings (brothers and sisters) share a common an-
cestor in their parents, while cousins share a
 common ancestor in their grandparents.
 activity in leading creation to its appointed end in new creation:
 “But if the Spirit is the Spirit of God the Son who was crucified,
 creation may move towards its perfection as much through the
 enablement of, or merely acts of love for, the severely handi-
capped—to take one example—as by the evolution of so-called
  higher forms of being....  If the Spirit is the Spirit of him who 
 raised Jesus Christ from the dead, then the question of what
 represents ‘progress'—the movement of creation to its true des-
tiny—becomes a far more open one. Further, if the end of cre-
ation is the reconciliation of all things with their creator, any
 particular evolutionary ‘advance' may or may not bring about
  that end....  We must hold that it is God the Spirit, and not the 
 automatic forward movement of the universe, who enables the
  world to become what it is projected to be....  Is it necessarily 
 wasteful that dinosaurs once had their day and now cease to be?
 . . . If things have their due times and intrinsic value, it is not
 necessarily a problem, any more than it is necessarily wasteful
 that a species of fungus produces millions of spores only a few
 of which, if any, germinate. Much depends on what is conceived
 as waste, what as the liberality and overflowing generosity and
 creativity of God.”   The Triune Creator: A Historical and System-
atic Study   (Grand Rapids: Eerdmans, ), -.
 This is easily illustrated by considering possible
 phylogenetic relationships among three species.
 Species A, B, and C could be related in four
 branching patterns, as illustrated in figure .. In 
 the first, species A and B are inferred to be more
 similar to each other than either is to C. Thus
 species A and B would be considered to be sister
 taxa and would share a common ancestor more
 recently than either A or B would share a common
 ancestor with C. Likewise, in the next two possible
 trees, species A and C are sister taxa, and species B
 and C are sister taxa, respectively. These three trees
 illustrate different patterns of common ancestry,
 with sister taxa sharing a more recent common
 ancestor together than each shares with the third
 species. The fourth possible tree represents a
 polytomy, meaning there is no evidence that any
 pair of species is more closely related to each other
 than to the other species. A polytomy is usually
 considered to be an unresolved relationship that
 will be resolved with further evidence. The accep-
tance of one of these trees is based on which is
 most consistent with the evidence based on com-
paring characteristics between each pair of species.
 The abstract ideas can be concretely illustrated
 using particular organisms and their character-
istics to decide which tree is best supported. For
 instance, when comparing a house mouse (A), a
 mountain lion (B), and a tokay gecko (C), one
 could list characteristics that each organism has
 Figure ..   Four alternative phylogenetic hypotheses represented as branching trees that can illustrate
 the relationships among three species (A, B, and C). The fourth tree represents an incomplete resolution
 of relationships known as a polytomy.
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 and compare among them. Each of these three
 kinds of animals has four legs, a backbone, lungs,
 jaws, muscles, and nerves. The gecko is covered
 with scales and lays eggs. The house mouse is
 covered with fur, bears live young, and feeds its
 young with milk. The mountain lion is also covered
 with fur, bears live young, and feeds its young with
 milk. Using this limited set of data, it would be easy
 to see why the house mouse and the mountain lion
 would be considered to be more closely related
 than either is to the gecko, and the tree on the far
 left, showing A and B as sister species and C as
 more distantly related, would best represent the
 relationship between these three animals.
 Furthermore, the characteristics described for
 this comparison fall into two categories. The char-
acteristics shared by all of these species were not
 useful to distinguish between these animals. The
 features of muscles and nerves are shared by almost
 all animals. The presence of a backbone is shared
 by all vertebrate animals. The presence of four legs
 and lungs is shared by all tetrapods (animals with
 four limbs). Since the tokay gecko, house mouse,
 and mountain lion are all tetrapods, the character-
istics shared by all tetrapods are not helpful for
 distinguishing between different species of tet-
rapods. They are   shared primitive characteristics.
 The characteristic of having four legs would be
 useful to distinguish these animals from vertebrate
 animals that lack four legs, such as fish, sharks, and
 lampreys, and in that context of comparisons,
 having four legs would be a   shared derived charac-
teristic. Likewise, the characteristic of having a
 backbone would only distinguish animals with
 backbones from those that lack them, but it is not
 helpful for distinguishing between these three
 species of animals since they all have backbones.
 The characteristics of having hair, bearing live
 young, and feeding young with milk are three ex-
amples of shared derived characteristics that dis-
tinguish mammals from other vertebrate animals,
 including the reptiles, which lack these character-
istics. Shared derived characteristics are useful for
 evaluating phylogenetic hypotheses, while shared
 primitive characteristics are not, although the des-
ignation as   derived   or   primitive   depends on the
 context of what taxa are being compared.
 Shared derived characteristics for this example
 are mapped onto the hypothetical phylogenetic
 trees in figure ., where the alternate character- 
istics are S = scales and F = fur, E = egg-laying and
 L = live-bearing, and M = produces milk, with the
 alternative state being a lack of milk production.
 This illustrates another feature of trees: we can
 infer where on the tree derived characteristics first
 appeared. For the house mouse, mountain lion,
 Figure ..   Phylogenetic trees representing hypothetical relationships between the house mouse, mountain lion, and tokay gecko with shared
 derived characteristics mapped onto the tree. The common ancestor of all three would be thought to have scales and lay eggs. The tree on the left
 would be considered to be the most likely by the principle of parsimony because it infers the least number of changes.
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 and tokay gecko, all three of these animals are con-
sidered to be amniotes. The egg-laying condition
 and the presence of scales would be considered to
 be the primitive characteristics of all amniotes,
 which include reptiles and mammals. Thus we
 show that the common ancestor of these three
 animal species had scales and laid eggs. Then we
 could map the change from eggs to live bearing
 and milk production, and the change from scales
 to hair, on the trees.   This additionally shows that
 the first tree has the fewest changes that need to be
 made, while the second and third trees show more
 complex patterns of gain or loss of these character-
istics. Thus the choice of which tree is chosen is
 based on the principle of   parsimony—that is, the
 simplest among the competing explanations is
 considered to be the most likely.   In this example
 the idea that fur, live bearing, and milk production
 was derived at one point is a much more likely oc-
currence than these same features originating in-
dependently in mice and (large) cats.
 These examples of constructing phylogenetic
 trees have used three species because it is easily
 described since there are only three alternative
 forms of the tree. This rapidly goes up to fifteen
 alternative trees with four species,  for five
 species, and more than two million for nine species.
 Since scientists may include many species in their
 trees, there are many possible alternative ways for
 trees to be drawn. However, computer programs
 help by determining which tree is best supported
 using the principle of parsimony, assuming that
 the least number of changes is the most likely sce-
nario (another form of inference to the best expla-
nation, § ..). While using the criterion of par-
simony may not always represent what actually
 happened, it is the most likely, and discerning be-
tween alternative trees, or even particular branch
 2
 There are some mammals, specifically echidnas and the duck-
billed platypus, that have fur and produce milk but lay eggs, so
 these three are separate traits.
 3
  Hugh Gauch, 
 Scientific Method in Brief   (Cambridge: Cambridge
 University Press, ), chap. . 
 points on a tree, can be statistically analyzed
  regarding its likelihood. 
  26.2. PHYLOGENETICS BASED 
  ON DNA SEQUENCES 
 Further information regarding phylogeny has been
 obtained from characterizing the genetic infor-
mation encoded in DNA. The entire genetic com-
plement of an organism is called its genome, and
 biologists have been learning much about the ge-
nomes of many organisms; the list of organisms
 with their entire genome being sequenced is rapidly
 growing. The comparison of DNA evidence has led
 to inferring phylogenetic relationships based on
 patterns of relative amount of similarity. Moreover,
 while the evidence of form (or morphology) of the
 organism may require many subjective decisions of
 the scientists to discern the nature of that form, the
 information provided by DNA sequences has less
 subjectivity and has been regarded as more reliable.
 This can be illustrated by considering once again
 the idea of homologous and analogous structures,
 as described in chapter twenty-four. Two or- 
ganisms, such as two species of animals, may have
 characteristics that are very similar but that arose
 independently. These examples of convergent evo-
lution mean that sometimes it is easy to infer that
 two organisms are similar to each other when in
 fact the characteristic that led to that inference
 arose independently and does not really provide
 evidence of a close relationship.
 The discovery of how DNA encodes for proteins
 enabled the comparison of molecular character-
istics involving the sequence of amino acids in
 proteins or the sequence of nucleotide bases in
 DNA as the basis for building phylogenetic trees.
 The development of techniques to rapidly sequence
 DNA as well as the greater amount of information
 encoded in the DNA compared to that in the pro-
teins has resulted in a powerful tool to study phy-
logenetic relationships. Determining phylogenetic
 relationships with molecular characteristics
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 involves mainly comparing the DNA sequences of
 particular genes, several genes, or entire genomes
 from various species. The sequence of the nucleo-
tides A (adenine), T (thymine), C (cytosine), and
 G (guanosine) in DNA encodes for the production
 of proteins in the coding regions of genes, and
 changes in these coding regions can affect which
 amino acids are incorporated into proteins, which
 can affect the function of the protein. In addition,
 there are many noncoding sequences in DNA that
 have a variety of functions, although it is not as
 clear how changes in nucleotides in such locations
 Going Further: Coding and Noncoding DNA
 As described in chapter twenty, DNA encodes for RNA, which encodes for protein. Nevertheless, the proportion of DNA 
 that encodes for proteins in this way varies greatly. In the human genome only about . percent of the genome encodes
 for proteins. As this pattern was being discovered through the study of the genomes of humans and other organisms,
 some assumed that noncoding portions of the DNA had no important function and termed the rest of the DNA as junk
 DNA. This has been unfortunate in several ways. First, labeling it as junk DNA resulted in less attention being paid to it,
 which may have hindered scientific progress in understanding its origin and function. Second, since many functions have
 been found for such noncoding DNA, the label of “junk” has had to be retracted, starting in the early s (though much
 of the popular press still uses this labeling). Moreover, the label of junk seemed to assume that the processes involved in
 the origin of these DNA sequences were without purpose. While the purposes for such DNA molecules are often complex
 and difficult to explain, they are still important. Here are some of the kinds of DNA that do not encode for proteins.
 DNA that encodes for functional RNA.   The ribosomal RNA (rRNA) that makes up ribosomes and the transfer RNA
 (tRNA) that is involved in protein synthesis are encoded by genes that make RNA without going on to make proteins
 from the RNA transcripts. Furthermore, a whole new set of RNAs has been found that are transcribed from DNA and
 function in regulating gene expression.
 Introns.   Short for “intervening sequences,” introns are the sequences that are included within genes. They are
 transcribed to make messenger RNA (mRNA), but the introns are cut out of the transcript before it is translated into
 protein. The segments that are kept are the exons (expressed sequences). Thus the introns do not function in coding for
 protein, but they are involved in regulating the expression of genes.
 Regulatory elements.   Some segments of DNA do not code for protein but are near genes that do code for proteins
 and are involved in determining whether and in what abundance these genes are expressed. In this way such regulatory
 elements can act as genetic switches, such as those that are involved in development (see § .). These elements in-
clude promoters and enhancers, and they may be near the beginning or the end of the gene, in introns within the gene,
 or on parts of DNA that are far away from the gene.
 Repetitive sequences.   A variety of kinds of repetitive sequences is found in DNA, with about two-thirds of the
 human genome made up of such sequences. Many of these are from mobile genetic elements such as transposons and
 retrotransposons that are able to make copies and insert themselves into the DNA in other locations. The insertion of
 such mobile genetic elements can be a source of genetic variability (see in chapter , “Going Further: The Case of Mela-
nism in the Peppered Moth: Investigating Natural Selection, Mutation, and Evolution”).
 Certainly, noncoding DNA sequences vary in degree of function. Thus it might be said that the function of coding
 DNA is more essential. Nevertheless, some noncoding DNA can modulate when and how much such coding DNA is ex-
pressed, giving these DNA sequences an essential role of their own.
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 would result in a change of function (see “Going
 Further: Coding and Noncoding DNA” above).
 A major assumption is that much of the vari-
ation that occurs in DNA sequences arises from
 point mutations and that these mutations will
 result in changes in sequence, with more changes
 accumulating over a longer period of time (§ .).
 Since DNA sequences of individual genes can be
 hundreds to thousands of nucleotides long, while
 entire genomes are usually hundreds of millions to
 billions of nucleotides long, the comparison of
 DNA sequences provides an information-rich
 comparison that has been very useful in deter-
mining relationships. Of course, with only four
 bases, one might expect there to be a  percent
 similarity between two sequences of DNA by
 chance. But as the similarity rises greater than this
 background, it becomes less and less likely that
 they are similar due to chance. Such similarity
 could be explained by having a common origin
  through common descent. 
 ... Some helpful technical details for comparing
 DNA sequences.   Making comparisons of DNA se-
quences to discern the degree of similarity among
 organisms is simple in concept, although it is a bit
 more complex in practice. The simplicity, and a
 taste of the complexity, can be illustrated by
 making a comparison of some short DNA se-
quences along with some example mutations.
 Suppose an organism had the following sequence
 (remembering that DNA is double stranded and
 there would be a second strand with comple-
 mentary nucleotides): 
  AGGCTCATCG 
 A variety of mutations could occur with this se-
quence. If we changed the T in position  (counting
 from left to right) to a C, and then inserted two
 nucleotides (T and A) between positions  and ,
 we would end up with
  AGGTACTCACCG 
 If we were to put these sequences next to each
 other, we could make comparisons of which match
 and which do not:
  AGGCTCATCG 
  AGGTACTCACCG 
 Just by comparing these two sequences base by
 base from positions  to , we would find that we
 have four bases that are the same (at positions , ,
 , and ), and the rest are different. But this would
 overestimate the changes that occurred to get from
 the first sequence to the second. We would expect
 there to be nine positions that are the same. This
 can be solved by aligning the sequences. Since an
 insertion or a deletion will cause misalignment of
 the DNA sequences, we can resolve this by aligning
 the sequences, such as:
  AGG CTCATCG 
  AGGTACTCACCG 
 In this way, we see that we have nine positions
 showing the same nucleotide in both sequences,
 while showing the place where an insertion of two
 nucleotides occurred and where a substitution mu-
tation of T to A occurred. Thus, to avoid overesti-
mating differences when comparing DNA se-
quences, scientists must properly align the
 sequence data. This is simply one example of the
 kinds of technical details that are incorporated into
 making comparisons of DNA sequences, yielding
 realistic and helpful comparisons of similarity.
 After determining the most likely phylogenetic
 trees based on morphological features and then
 doing the same with DNA sequences, it is possible
 to compare them to see whether the same pattern
 of common ancestry occurs. In most cases, the
 patterns are the same or very similar, which pro-
vides even stronger support for the observed tree
 based on the evidence, since two independent
 measures gave the same results.   Occasionally DNA
 4
 This is similar to astronomers' use of multiple independent distance-
measurement techniques to converge to the same result (§   .).
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 sequence information provides further insight about
 how better to classify organisms. A great example is
 seen in the classification of the hippopotamus.
 ... Applying DNA-based phylogenetic inferences to
 the hippopotamus.   Biologists currently recognize
 two living species of hippopotamus: the common
 hippopotamus (Hippopotamus amphibius) and the
 pygmy hippopotamus (Choeropsis liberiensis),
 with multiple subspecies of each. Thus these two
 species are classified as being different enough to
 be in separate genera but similar enough to be in
 the same family. For some time it was unclear what
 other organisms were most closely related to hip-
popotami. Hippopotami are regarded as even-toed
 ungulates (= artiodactyls), which would make
 them morphologically most similar to animals
 such as deer, camels, pigs, and cattle, among others.
 Their shape seems to be superficially similar to
 pigs, but these are animals that can thrive in water
 as well. So some scientists hypothesized that
 whales could be more closely related. After ex-
ploring evidence based on particular sequences of
 DNA, it became clear that among the living or-
ganisms on Earth, the living species of hippo-
potami shared the most recent ancestor with
 whales. This split is thought to have occurred a
 long time ago, and the great difference in mor-
phology between whales and hippopotami attests
 to the length of time since these groups would have
 shared a common ancestor.
 This finding led to a major shift in how these
 animals were classified. Whales and dolphins were
 formerly classified in the group of mammals (i.e.,
 class Mammalia) known as cetaceans (order Ce-
tacea). As a result of the finding based on DNA
 evidence, which also resulted in a reinterpretation
 of the morphological evidence, whales and hippo-
potami are classified as members of the order Ce-
tartiodactyla. This order was redefined based on
 former orders Cetacea and Artiodactyla, and bi-
ologists consider this classification to be more sat-
isfactory than the way these animals were previ-
ously classified. Hence, not only did scientists
 figure out what appeared to be most closely related
 to hippos, but they also were able to reclassify
 other animals to better fit the biological evidence.
 ... DNA-based phylogeny and the three domains of
 life.   One surprising discovery came out of the early
 studies in the s in which DNA sequences of a
 gene present in all organisms (small ribosomal
 subunit) were compared. At that point biologists
 recognized two major groups of organisms based
 on their cellular characteristics: prokaryotes and
 eukaryotes. Prokaryotes include bacteria, simple
 organisms in which there is no membrane-bound
 nucleus. A nucleus, as found in eukaryotes, is the
 structure that contains the DNA that encodes the
 genes of the organism. In prokaryotes the DNA is
 usually present as a single chromosome composed
 of a single long molecule of DNA that occurs as a
 circle. In contrast, eukaryotes include the variety
 of living organisms that contain a membrane-
bound nucleus. This includes animals, plants,
 fungi, and a variety of other organisms that have
 been called protists. The nucleus of eukaryotes
 contains multiple chromosomes, each composed
 of a linear molecule of DNA with a variety of pro-
teins attached to it. The nucleus is bounded by a
 double-membrane envelope, separating the nu-
cleus from the rest of the cell.
 The surprise came in comparing the DNA se-
quences of the ribosomal small subunit gene of
 prokaryotes and eukaryotes. A number of pro-
karyotes were found that formed a grouping that
 was about equally different from both other pro-
karyotes and eukaryotes. From these comparisons,
 it was determined that a third group was needed.
 This third group was initially called Archaebacteria,
 in contrast to the other prokaryotes, which were
 called Eubacteria, and later these groups were
 named Archaea and Bacteria to emphasize their
 fundamental differences. Thus all life can be clas-
sified into three distinct domains: Bacteria, Ar-
chaea, and Eukarya (fig. .). The concept of 
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 “domain” was developed to accommodate a taxo-
nomic grouping higher than kingdom from the
 Linnaean system. The tree indicates that Archaea
 and Eukarya share a more recent common an-
cestor with each other than with the Bacteria.
 However, the exact relationship among these three
 domains of life is uncertain, as is the origin of the
 specialized structures found in eukaryotes. More
 on the origin of eukaryotic structures will be ex-
plored in greater detail in chapter twenty-seven. 
  26.3. PATTERNS IN THE 
  FOSSIL RECORD 
 The fossil record provides a much more direct way
 to explore changes that may occur in organisms
 over time. While phylogenetic trees infer the
 presence of different but related forms in the past,
 it does not tell us what they looked like. The fossil
 record could fill in some of the information, as-
suming it is interpreted correctly. Moreover, we
 can learn new things from the fossil record that
 would not be obvious from observing living species.
 We can explore a variety of questions from the
 fossil record. Do we see the gradual appearance of
 species, as expected from the modern-synthetic
 theory of evolution? Do we see evidence of inter-
mediate forms between species that reflects micro-
evolution accumulating into macroevolution?
 Moreover, do we see evidence of intermediate
 forms between major groups of organisms, where
 major innovative structures appear that set these
 groups apart from their hypothetical ancestors?
 The fossil record played a large role in Darwin's
 development of the theory of evolution. In it he
 saw evidence for change in biological species over
 time that caused him to consider an origin by de-
scent with modification. He interpreted the evi-
dence of the biogeographical patterns of fossils as
 support for common descent, and interpreted the
 evidence of changes as adaptive for life, which he
 Figure ..   A phylogenetic tree showing the three domains of life, based on making comparisons of ribosomal DNA sequences among these
  living organisms. 
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 inferred occurred by the process of natural se-
lection. Darwin also saw that the fossil record was
 incomplete, leaving many missing links in the
 pattern of evolution. It must be noted that the fossil
 record will always be an incomplete record. When
 organisms die, their remains usually decompose
 rather than being preserved as fossils. Typically it
 requires some catastrophic event to bury or-
ganisms so they fossilize before their form is
 forever lost to decomposition. It requires both
 knowledge of geology and a good bit of luck for
 paleontologists to find fossils. Naturally, organisms
 that produce hard parts fossilize more readily than
 those that do not have hard parts. Even though the
 fossil record is incomplete and biased toward or-
ganisms with hard parts, it contains hundreds of
 thousands of fossil species, and a great deal can be
 learned from looking at the patterns of changes in
 these fossils over time.
 As paleontologists characterized the fossils pre-
served in the earth's strata, they divided the geo-
logical record into various time periods based on
 the fossils that are present, as described in chapters
 twelve and seventeen, and using radiometric
 dating techniques to determine age.   The longest
 times are referred to as eons, which contain eras,
 periods, epochs, and ages (fig. .). By this system, 
 we are currently in the Phanerozoic Eon, the Ce-
nozoic Era, and the Quaternary Period. The Phan-
erozoic Eon is characterized by the presence of
 multicellular animals and plants, since the name
 “Phanerozoic” refers to the time when “visible life”
 is evident. The Proterozoic (“early life”) Eon is
 before that, with the Archean and Hadean Eons
 occurring successively earlier. These three eons are
 often grouped together and referred to as the Pre-
cambrian, with its name referring to preceding the
 5
 The size of organisms can be crucial too. For decades fossil sift-
ers missed very small fossilized teeth and bones because their
 meshes were not fine-grained enough to reliably catch such
 small fossils. See “Going Further: Misunderstood Scientific
 Terms” in   §   .. for a brief description of the scientific use of
  the term bias. 
 6
 See chap.   for a discussion of radiometric dating techniques. 
 Cambrian Period, the earliest period in the Phan-
 erozoic Eon. 
 ... Pattern of change over time.   As noted above,
 the delineation of the various geological periods,
 epochs, and ages is largely based on the fossils that
 appear in those times, and this reflects a pattern of
 change over time that appears to progress from
 simple to more complex. Recall that this is the
 second definition of evolution described in section
 .. There are fewer fossils in Precambrian strata,
 and most of these are microscopic fossils, with only
 fossils with small cells consistent with prokaryotes,
 such as bacteria and archaea, being present earlier,
 especially during the Archean Eon. Those with
 larger cells thought to be eukaryotes occur in
 strata from the Proterozoic Eon. A variety of mul-
ticellular animals, plants, and fungi make their
 first appearance in strata from about  to 
 Ma, late in the Proterozoic Eon. Therefore, there is
 a discernable progression from simpler to more
 complex forms, moving from prokaryotes to uni-
cellular eukaryotes to multicellular eukaryotes.
 The greatest diversity of fossils is found in the
 Phanerozoic Eon ( Ma to the present). Even
 Darwin was aware of evidence for the sudden ap-
pearance of multicellular life in the Paleozoic Era,
 especially of animal fossils, when he wrote   The
 Origin of Species   in , although the microfossils
 in Precambrian strata had not yet been discovered.
 The pattern of change over time in the fossil
 record is seen with a variety of multicellular forms
 during the Phanerozoic Eon. This is particularly
 evident using some examples of vertebrate animals.
 A simplified classification scheme for vertebrates
 would include groups for hagfish, lampreys, carti-
laginous fish, bony fish, amphibians, reptiles, and
 mammals.   Haikouichthys, a fossil species that ap-
pears to represent chordate animals with a noto-
chord but without vertebrae, can be found in the
 middle Cambrian Period, approximately  Ma.
 Some classify this fossil as a craniate—that is,
 having a skull—a characteristic shared by hagfish,
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 which appear to be among the simplest vertebrate
 animals. The earliest known lampreys, which have
 cartilaginous vertebrae lacking in the hagfishes, are
 reported in the late Devonian Period, about  Ma.
 The earliest-known cartilaginous fish, a group that
 includes modern sharks, skates, and rays, is pre-
served in the middle Devonian,  Ma, while bony
 fishes appeared earlier, about  Ma, in the early
 Devonian or late Silurian. These two groups of fish
 have jaws, which were lacking in the earlier groups.
 Tetrapods (animals with four limbs), in the form
 of amphibians, appear about  Ma. The transition
 from fish to tetrapods is a key one and will be con-
sidered further below. It is difficult to determine
 which fossil is the first tetrapod, or any such first
 form of a particular group we recognize as distinct
 from living animals, since the intermediate forms
 found have features of both fish and tetrapods.
 Likewise, the earliest reptile is difficult to discern,
 but the earliest fossil with clearly reptilian charac-
teristics is dated to  Ma. The earliest record of a
 mammal-like creature with hair is  Ma, although
 the synapsids, a group of mammal-like reptiles,
 reach back to  Ma. When these examples are put
 together in sequence, the dates for their first ap-
pearance mostly match the order of appearance
 discerned through phylogenetic classification. A
 major exception comes with lampreys, which
 appear out of sequence, but this may be an artifact
 of a poor fossil record because their skeletons are
 cartilaginous rather than mineralized and so rarely
 fossilize. A more minor exception is seen with the
 cartilaginous fishes, such as sharks and rays, which
 are thought to precede the bony fishes, and again
 this may be due to the likelihood of preservation of
 specimens as fossils. Otherwise there appears to be
 a clear succession of species, and these species show
 progress in possessing characteristics that are pro-
gressively more derived from the preceding forms.
 Thus the pattern of change over time observed in
 the fossil record appears to be change that involves
 progression from simpler to more complex.
 The examples of vertebrate animals above are
 the most obvious. But a similar pattern of change
 over time, with greater complexity as time pro-
ceeds, can be seen in invertebrate animals, plants,
 and other organisms. Thus historical change seen
 in the fossil record appears to be solidly supported
  by the evidence. 
 ... Transitions between major groups.   As noted in
 the last section, there is evidence for intermediate
 forms in the fossil record that have been inter-
preted as transitional forms between major groups.
 Often it is difficult to discern the earliest represen-
tative of major groups of vertebrates from the
 fossils, since the earliest representatives are typi-
cally intermediate forms that have characteristics
 of both the earlier and the later group. This seems
 to be consistent with the patterns that would be
 expected from evolutionary change. The details of
 such transitions can be illustrated through a couple
 of examples of key transitions among animals in
  the fossil record. 
 .... From fish to tetrapods.   The transition
 from fish, with no legs, to tetrapods, with four legs,
 is a key step that led to the prevalence of vertebrate
 land animals, as well as some mammals that re-
turned to the water, such as whales and manatees.
 A number of fossils show features that are interme-
diate between fishes and amphibians. First, a spe-
cific group of fish is involved, termed the lobefinned
 fishes, and these are represented by living species of
 coelacanths and lungfishes. The coelacanths are a
 group of fish species that was known from the fossil
 record before living modern species were found in
 the Indian Ocean in . Several species of lung-
fishes inhabit Africa, South America, and Australia.
 Lobefins have additional bones and muscles in fins
 compared to other kinds of fish, which is a major
 reason they are considered to be prime candidates
 to look for a predecessor to tetrapods. Patterns of
 similarity in DNA sequences from coelacanths and
 lungfishes indicate that lungfishes are more similar
 to tetrapods than are coelacanths.
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 Some of the fossil forms that have been found
 that are intermediate in terms of development of
 the limbs include   Eusthenopteron,   Panderichthys,
 Tiktaalik, Acanthostega, and Tulerpeton (fig. .). 
 Looking at the bones that are found in the pectoral
 fin (the pair of lateral fins closer to the head, fig. 
  .), bones that appear to be homologous to the 
 single long bone (humerus) of the upper part of the
 limb and the two bones below the joint (ulna and
 radius) can be discerned in all of these examples. A
 key step is thought to have been the development
 of the wrist and digits, both of which would be
 needed for the animal to lift itself up off the ground.
 Tiktaalik   was the most recently found fossil in
 this series. The researchers who found and de-
scribed   Tiktaalik   searched in geological forma-
tions in Arctic Canada that were of the age pre-
dicted by dating other fossils that appear to be
 transitional between fish and tetrapods. After
 three summers of searching, they found a single
 specimen that had a flat head. After bringing it
 back to the University of Chicago, they found this
 specimen had fins, scales, and primitive jaws
 similar to lobefinned fish, and wrist bones, a flat
 head with a neck, and an expanded rib cage similar
 to tetrapods. It was intermediate between   Pand-
erichthys   and   Acanthostega   based on these charac-
teristics (figs. ., .). Although Tiktaalik is 
 thought to be in the line that leads to tetrapods, it
 must be remembered that this is an inference that
 is hypothetical. It is possible that   Tiktaalik   is on a
 branch that went extinct and that some other
 creature with similar intermediate characteristics
 led to current tetrapods, since the fossil record is
 replete with such examples. That is, it might not be
 a direct ancestor of tetrapods; it might be a relative.
 But the finding of a fossil like this does demon-
strate how the transition from fish with no limbs
 to tetrapods with four limbs may have progressed,
 and the possibility that it is a direct ancestor has
  not been eliminated. 
 One might question how well adapted a creature
 with these intermediate characteristics would be,
 since it does not seem to be optimally suited for
 Figure ..   The arrangement of bones in the pectoral fin in a series of fossil organisms that are interpreted as intermediate forms between
 lobefin fish and tetrapods. (Reprinted by permission from Macmillan Publishers Ltd.)
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 either water or land. By its features it is thought
 that   Tiktaalik   was primarily an aquatic creature.
 Nevertheless, the ability to leave the water with its
 limbs may have been an advantage to avoid larger
 predatory fish, which could confer a reproductive
 advantage on this creature with rudimentary limbs.
 Hence, while it may have not been well adapted for
 movement on land, the advantage of being able to
 leave the water to avoid aquatic predators may
 have been sufficient selective pressure to drive the
 evolution of limbs by natural selection. But natural
 selection alone is not sufficient, since it needs to
 have genetic variation on which to select. Likewise,
 the generation of genetic variation is also too
 simple to be sufficient to explain these changes.
 What is needed is an understanding of the kinds of
 variations that would give rise to changes in em-
bryonic development that may result in the for-
mation of limbs (see § . for a consideration of
 the evolution of development). Thus, while the
 intermediate forms from fish to tetrapod may in-
dicate a pathway of common descent, the mech-
anism of how the changes occurred in this evolu-
tionary sequence is still little understood.
 .... From dinosaurs to birds.   Biologists
 classify birds as a group of reptiles, and the evi-
dence for this classification is apparent in both
 their morphology and their DNA. The reptilian
 nature of birds may be most clearly seen in that
 both lay eggs and in the observation that feathers
 are made of the same kind of protein as reptilian
 scales and develop through the same molecular
 pathways.   A variety of fossils have been found that
 show a link between dinosaurs and birds, with
 many fossils showing characteristics of both groups.
 The earliest discovered fossil evidence that birds
 arose from dinosaurs came with   Archaeopteryx,
 found in Germany in , two years after   The
 Origin of Species   was published, and dated to 
 Ma. This fossil exhibits features of both birds and
 dinosaurs. Like birds, it has feathers adapted for
 flight and wings. Like dinosaurs, specifically in a
 carnivorous group of theropods called deinony-
chosaurs,   Archaeopteryx   had jaws with teeth,
 fingers with claws, a long bony tail, and hyperex-
tensible second toes. Theropods are bipedal dino-
saurs, including the small   Compsognathus   and the
 gigantic   Tyrannosaurus   as well-known examples.
 Archaeopteryx   has at least thirty characteristics
 that differ from theropods. It was widely assumed
 that these features appeared in about ten million
 years of evolution, based on the fossil evidence.
 Since   Archaeopteryx   was found so soon after the
 publication of   The Origin of Species, this fossil was
 touted as an example of the kinds of transitional
 fossil forms that would be expected under Dar-
 win's evolutionary scheme. 
 A set of fossils found in China since the s,
 including many with feathers, has shed additional
 light on this transition. These fossils include a va-
riety of creatures that range from feathered the-
ropods to birds that retain some dinosaur-like char-
acteristics. From these fossils we learn that feathers
 7
 Nicolas Di-Poi and Michael C. Milinkovitch, “The Anatomical
 Placode in Reptile Scale Morphogenesis Indicates Shared Ances-
try Among Skin Appendages in Amniotes,”   Science Advances   ,
 no.  (June , ): e.
 Figure ..   Relationships of a series of fossil forms intermediate
 between lobefin fish and tetrapods based on  morphological
 characters. (Reprinted by permission from Macmillan Publishers Ltd.)











[image: ]
  506 
  PART FIVE: ORIGIN OF SPECIES AND DIVERSITY OF LIFE 
 appeared at least fifty million years before   Archae-
opteryx. These early feathers seem to have func-
tioned primarily for insulation, since they are not
 adapted for flight. Similarly, present-day birds have
 some feathers that are adapted for flight and others
 without the aerodynamic shape that contributes to
 flight but which insulate the bird. A more mean-
ingful comparison can be made with flightless birds,
 such as ostriches and kiwis, which have feathers
 that do not show the aerodynamic characteristics
 seen in feathers that function for flight. Addi-
tionally, some feathers in these extinct animals have
 the chemical remains of pigments, indicating they
 may have been used for colorful display similar to
 what is seen in birds alive at the present. An exami-
nation of other theropod fossils indicates that a
 trend toward miniaturization occurred over a
 period of fifty million years, with many of the traits
 associated with birds appearing during this period.
 It has been speculated that these creatures were
 living in trees. Some developed larger forelimbs,
 and those creatures with both large forelimbs and
 feathers may have been able to glide to assist them
 in moving from one tree branch to another. More
 on recent investigations into the development of
 bird wings from dinosaur forelimbs can be found in
 “Going Further: From Five-Fingered Dinosaurs to
  Three-Fingered Birds” below. 
 Some have disputed the origin of birds from the-
ropods, saying that the evidence better supports
 birds arising from an archosauran group that pre-
dates the appearance of theropods or even dinosaurs
 Going Further: Are There No Transitional Fossils?
 A common objection to evolution raised in Christian circles is that there are no genuine examples of transitional fossils.a
 There are generally two strategies of argument attempting to dismiss the existence of transitional fossils. The first is to
 selectively quote the biology and paleontology literature to make it sound as if only fossils of fully formed creatures with
 no history of modification are ever found. The second strategy is to minimize the mixed features that exist in intermedi-
ate or transitional fossils. Sometimes the two strategies are combined, for instance, in discussions of   Archaeopteryx.
 Henry Morris writes, “Yet this same author [Carl Dunbar] . . . recognizes that   Archaeopteryx   is not part reptile at all, but
  per cent bird. He says it is: ‘ . . . because of its feathers distinctly to be classed as a bird.'”
 Morris goes on to conclude, “Thus,   Archaeopteryx   is a bird, not a reptile-bird transition. It is an extinct bird that had
 teeth. Most birds don't have teeth, but there is no reason why the Creator could not have created some birds with
 teeth.”b  What Morris does, here—prototypical of all YEC discussions of transitional fossils—is () selectively quote
 from the literature an identification of   Archaeopteryx   as classified as a bird because of its feathers, () ignore the mixed
 characteristics we mentioned above, and () in light of the assigned classification, deny the transitional nature of the
 fossil. There are no transitional fossils because they are supposedly identified as falling on one or the other side of the
 classification (dinosaur or avian, in this instance). Hence, the conclusion is that there are no transitional fossils support-
ing evolution. The selective quoting of an authority combined with the dismissal of the mixed characteristics of   Archae-
opteryx, however, ignores creation revelation (§ .), distorting the work of scientists. Furthermore, it depends on a
 Bible-first approach to theology and the sciences (§ .). So these strategies are neither biblically nor scientifically
 sound means for attempting to determine truths that nature is revealing about itself.
 a
  Duane T. Gish, 
 Evolution: The Fossils Say No!
 (San Diego: Institute for Creation Research, ); Henry Morris,   Scientific Creationism   (El Cajon, CA: Master
 Books, ); Elizabeth Mitchell, “Fossils Fail to Transition from Dinosaur Legs to Bird Wings,” Answers in Genesis, October , , https://answersin 
  genesis.org/fossils/transitional-fossils/fossils-fail-to-transition-from-dinosaur-legs-to-bird-wings/. 
 b
  Morris, 
  Scientific Creationism, . 
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 altogether. This does not dispute the idea that birds
 evolved from reptiles, but it does question the par-
ticular evolutionary pathway. If birds are descended
 from theropods, then it might be justifiable to call
 them dinosaurs or descendants of dinosaurs, as
 commonly seen in the recent scientific and popular
 literature about birds. If the alternative explanation
 is true, they would not have descended directly
 from dinosaurs but would have shared an earlier
 common ancestor with the dinosaurs. As is often
 the case in the sciences, there is a dispute on how
 best to interpret the findings. However, there ap-
pears to be no dispute among scientists about an
 evolutionary origin of birds from reptiles, just the
 particular pathway taken in that evolutionary
 origin. And, even among paleontologists who
 accept the theropod origin of birds, much work is
 going into understanding the pathway of the devel-
opment of flight and the many anatomical and
 physiological features by which birds fly.
 .... More transitional forms.   A variety of
 other series of transitional forms could be cited,
 such as the evolutionary history of horses or
 whales, the transitions from jawless, fish-like crea-
tures to fish with jaws, or the development of ear
 bones in mammals thought to be derived from
 reptilian jawbones. And this just covers vertebrate
 animals, which make up only about  percent of
 animal diversity. Additional examples of transi-
tional forms could be cited for invertebrate an-
imals and plants. A common theme in these cases
 is the development of new structures that are de-
rived from earlier structures. An understanding of
 how multicellular organisms develop from single
 cells, and then how simple organisms develop into
 complex organisms with various structures, will be
 important for understanding the origin of such
 new structures. Such a theory of forms is not the
 focus of modern-synthetic evolutionary theory,
 with its focus on genes, and a better understanding
 of embryonic development is necessary to under-
stand how these forms arose and changed over
 time. Besides the presence of many examples of
 apparent transitional forms in the fossil record,
 what else might we learn from the fossil record?
 We turn next to the tempo of change seen in the
  fossil record. 
 ... Tempo of change from the fossil record: Gradual
  or sudden? 
 .... Punctuated equilibrium.   Darwin de-
scribed evolution as occurring gradually, with
 many transitional forms. The modern synthesis
 also describes evolution as a gradual process.
 However, that has not matched the pattern in the
 fossil record. Paleontologists have observed that
 fossil forms tend to appear relatively abruptly, typ-
ically without a set of preserved forms that show
 gradual change as predicted by Darwin. Rather,
 after an abrupt appearance, these new fossil forms
 tend to persist with no or little change over long
 periods of time, typically on the order of hundreds
 of thousands to millions of years. This pattern was
 termed   punctuated equilibrium   by Niles Eldredge
 and Stephen J. Gould in .   Thus, in docu-
menting the occurrence of a particular fossil form,
 its earliest occurrence showed up as a fully distinct
 form. There may be similar forms in the strata just
 earlier than where this form shows up, but the new
 form was distinct, with no intermediate forms be-
tween it and the most similar fossil. Nevertheless,
 the new form also persisted for a long time in the
 fossil record. That is, the sudden appearance is
 punctuated, but the entity stays at equilibrium for
 some time (as illustrated in fig. .). 
 The pattern of punctuated equilibrium is very
 different from what might be expected from an ac-
cumulation of smaller changes as described in
 Darwinian evolution. However, there may be ways
 that evolution, as described by the modern syn-
thesis, can be adequate to explain such a change.
 8
 Niles Eldredge and Stephen J. Gould, “Punctuated Equilibria:
 An Alternative to Phyletic Gradualism,” in   Models in Paleobiol-
ogy, ed. Thomas J. M. Schopf (San Francisco: Freeman Cooper,
  ), -. 
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 For instance, if a new species was
 arising by evolution, it is possible
 that there were only a few indi-
viduals of intermediate stages
 between the ancestral species
 and the new species that even-
tually becomes abundant. It is
 possible that the intermediate
 stages existed but either were not
 preserved in the fossil record or
 have not been found. Alterna-
tively, it is possible that allopatric
 speciation (§ ..) occurred in
 giving rise to a new species, and
 the new species extended its bio-
geographic range into the area
 where the ancestral species is
 found so that it appears “sud-
denly” in that location, even
 though the new species actually
 developed more gradually. Nev-
ertheless, the pattern of punc-
tuated equilibrium does raise the
 possibility that the new species
 may have arisen by a mechanism
 causing large changes in a short
 time rather than gradual changes
 over a longer time. Such an oc-
currence may be termed a macroevolutionary
 event that is different from accumulated changes
 by microevolution. Thus punctuated equilibrium
 describes a pattern seen in the fossil record, but it
 does not describe a mechanism. Yet it does in-
dicate that a mechanism involving rapid change
 may be involved. A variety of processes that may
 result in large and sudden changes have been dis-
cerned recently, and these will be explored in
  chapter twenty-seven. 
 .... Rapid diversification of animal life.   The
 Cambrian Explosion   is a term used to describe the
 rapid appearance of many diverse kinds of animals
 during the first  million years or so of the Cam-
brian Period (– Ma). At
 this time all of these animals
 lived in the ocean and did not
 have backbones. The diversity of
 kinds is reflected in finding body
 plans that differ enough to rep-
resent different kinds of phyla.
 Of the thirty-three phyla of an-
imals alive today, the earliest
 fossils of two of them appear
 before the Cambrian, an addi-
tional twenty-five first appear
 during the Cambrian, and six
 more appear in various times
 after the Cambrian.   With the
 majority of animal phyla
 showing up in one geological
 period, we have further evidence
 for rapid change. Typically evo-
lution is considered to occur by
 having separate species evolve
 from a common ancestor. As
 separate species continue to
 evolve and diverge, they may
 become different enough that we
 would classify them as separate
 genera. Genera then diverge to
 give rise to families, then order,
 classes, and phyla. This schema moves from the
 lowest taxonomic categories to the highest and can
 be called a bottom-up pattern.
 In contrast, the Cambrian Explosion seems to
 show a top-down pattern. Since the first represen-
tatives of the different animal phyla found in the
 Cambrian Period have different body plans that
 are characteristic of different phyla, it appears that
 the characteristics that differentiate phyla ap-
peared initially. Then subordinate groupings such
 as class, order, family, genus, and species appeared
 9
 Douglas H. Erwin, Marc Laflamme, Sarah M. Tweedt, Erik A.
 Sperling, Davide Pisani, and Kevin J. Peterson, “The Cambrian
 Conundrum: Early Divergence and Later Ecological Success in
 the Early History of Animals,”   Science    (): -.
  MORPHOLOGY 
  TIME 
  MORPHOLOGY 
  TIME 
 Figure ..   Tempo of speciation: diversifi-
cation by gradual means is illustrated on the
 top, while a pattern of punctuated equilibrium
 is shown on the bottom. Time goes upward
 from past to present on both diagrams, while
 the horizontal axis indicates difference in form.
 In punctuated equilibrium, the stability of form
 is shown by the vertical lines, while the sudden
 appearance is shown by a horizontal line drawn
 from the fossil form that is most similar to it.
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 to subsequently differentiate by evolution. While
 the modern-synthetic theory of evolution would
 predict a bottom-up pattern, a top-down pattern
 seems to occur here. However, this apparent top-
down pattern may be an artifact of the way that
 phylogenetic trees are constructed. While many
 different characteristics may develop in evolution,
 we define groups such as classes and phyla based
 on shared derived characteristics. Hence, even
 though such a characteristic may have shown up in
 one species that diverged from another, these two
 sister species may be classified as belonging to
 separate phyla based on differences that charac-
terize their respective phyla. Then these separate
 species may have evolved further to provide a va-
riety of species in each phylum. If the living or-
ganisms are the result of the process of evolution,
 then biologists are describing and classifying living
 organisms into groups in lineages that have sur-
vived and diversified. If the characteristics that
 define the major groups appeared between two
 closely related progenitors, which may have been
 preserved in the fossil record, then that   post priori
 definition of what makes up a phylum may be
 based on a characteristic that showed up in closely
 related organisms, and in this way the top-down
 appearance of phyla may be an artifact.
 The description of this rapid diversification as
 an explosion may be more an artifact of the first
 large discoveries that showed a profusion of animal
 life in the Cambrian Period. The description of the
 fossils in the Burgess Shale in Canada in the early
 s was from a particularly well-preserved for-
mation with fine sediments that dates to the
 middle Cambrian, about  Ma. The fine sedi-
ments in this formation resulted in the preser-
vation of soft animal tissues, and many kinds of
 animals were found that appeared to have origi-
nated relatively suddenly, perhaps on the order of
 ten to twenty million years. A similar rich set of
 fossils was discovered in the Chengjiang fossils in
 China in the s, and these date to about  Ma,
 also in the middle Cambrian. Nevertheless, further
 discoveries of fossils from strata that date to before,
 during, and after the Cambrian Period have been
 interpreted to show a much more gradual ap-
pearance of these animal phyla. Instead of these
 forms showing up in ten to twenty million years,
 there is evidence of ten stages of fossil development
 during the fifty-six million years of the Cambrian
 Period (the Burgess shale is in stage five, and the
 Chengjiang fossils in stage three), as well as evi-
dence of continued development both before and
 after the Cambrian, potentially meaning this diver-
sification of animals may have been much more
 gradual, taking over one hundred million years.
 While animal fossil specimens found from the
 Cambrian Period can be classified in regard to
 phylum on the basis of the presence of structures
 that are characteristic of modern phyla, it is dif-
ficult to place most of them in modern groupings
 representing lower levels of classification, such as
 class or order, within that phylum. For example,
 there are animals that appear like arthropods (an-
imals with jointed legs, such as insects or crabs),
 but they do not look like any other group of living
 arthropods. It seems like they are relatives of the
 common ancestors of the modern representatives,
 but they do not seem to be direct ancestors. To de-
scribe this distinction, biologists have used the
 term   crown group   to include all of the extant
 species, in contrast to   stem groups, which include
 species that appear to be along the “stem” leading
 to the crown but that did not give rise to extant
 modern species. This concept is helpful for ex-
plaining how species that arose in the Cambrian
 Explosion appear to be related to modern phyla
 while they look very different from any species in
 those phyla that are living today. Similarly, this
 concept may apply to some of the intermediate
 fossil forms discussed in section ...   Tiktaalik
  10 
 More details are described in Ralph Stearley, “The Cambrian
 Explosion: How Much Bang for the Buck?,”   Perspectives on Sci-
ence and Christian Faith    (December ): -.
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 Going Further: From Five-Fingered
 Dinosaurs to Three-Fingered Birds
 The evolution of birds from reptilian ancestors can be explored further by looking at the morphology of the wings and
 digits (finger bones), as illustrated in figure ., and then by exploring how the digits develop in living birds. Note that 
 all of the specimens depicted are from fossils with the exception of   Gallus   (chicken). Birds have three digits on their
 wings (and four on their legs), while most reptiles have five digits on their forelimbs.   Allosaurus   and   Xuanhanosaurus   are
 theropod dinosaurs, and they had three digits on their forelimbs.   Archaeopteryx   also had three digits on their forelimbs,
 and the forelimbs are in the form of wings. The placement of the digits on three-fingered dinosaurs appears to be digits
 I, II, and III, corresponding to the thumb, index finger, and middle finger of the human hand. For some time develop-
mental biologists concluded that the three fingers in bird wings corresponded to digits II, III, and IV, with I and V missing,
 based on the embryological development of these digits. A difference in pattern in digit usage between theropod dino-
saurs and living birds would be less likely to have arisen by common descent. There are a variety of models that devel-
opmental biologists have proposed to account for the apparent difference in the development of digits between dino-
saurs and birds, with two of them shown in figure .. The frameshift model proposes that there was a developmental 
 frame shift resulting in birds having digits II, III, and IV in their wings. The axis-shift model alternatively proposes that
 the frame remained the same but that only digits I, II, and III developed. Towers and colleagues explored bird develop-
ment in developing chicken wings and concluded that the axis-shift model was better supported by the evidence.a  This
 demonstrates how an understanding of development can contribute to the understanding of how structures on organ-
isms arise and how their development can be altered through evolutionary processes.
 a
 Matthew Towers et al., “Insights into Bird Wing Evolution and Digit Specification from Polarizing Region Fate Maps,”   Nature Communications    (August
 ), article no. , doi:./ncomms.
 Figure ..   (a) From
  five-fingered dinosaurs 
  (Seymouria) to four- 
 fingered dinosaur 
  (Herrrerasaurus with a
 reduced digit V, and
  Xuanhanosaurus with a
 reduced digit IV and no
 digit V) to three-fingered
 dinosaurs and birds. (b-g)
 Two models of development
  for three-fingered birds 
  from the ancestral 
  five-fingered condition. 
  (Reprinted by permission 
  from Macmillan Publishers 
  Ltd.) 
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 and   Acanthostega   may represent a stem group or
 groups that are more related to tetrapods than they
 are to lobefin fish, but they may not be assignable
 to the tetrapod crown group that includes extant
 amphibians, reptiles, and mammals. Similarly,   Ar-
chaeopteryx   is considered to be a member of a
 stem group that branched off the stem that leads to
 the common ancestor of extant birds. In this way
 Archaeopteryx   might be a relative of modern birds
 rather than a direct ancestor.
 ... Key points from the fossil record.   Because of
 the incomplete nature of the fossil record, as well
 as the complexity of distribution across geography
 and time, scientists do well to be both cautious and
 skeptical of drawing conclusions that may well be
 overturned by evidence yet to be discovered. So
 there is a balance between trying to understand
 what the evidence is indicating based on fossil dis-
coveries and being receptive to alternative expla-
nations, especially as new evidence is uncovered.
 However, the study of the fossil record does provide
 much evidence regarding life in the past. It shows
 a succession of different kinds of organisms, as can
 be seen in the patterns of change over time. More
 than that, it shows a progression of different kinds
 of organisms, some of which can be linked through
 intermediate forms that appear to be transitional
 series. In this appearance of new forms, there is
 evidence that earlier structures may change in
 form and function, so that the new characteristics
 found in these new forms did not have to arise de
 novo but could have arisen by a change in develop-
mental pathway. Thus it will be important to un-
derstand more about the mechanisms by which
 organisms develop since changes in these mecha-
nisms may provide a way to generate new forms. A
 description of embryonic development, and how
 changes in development may be involved in evolu-
tionary processes, will be explored in section ..
 Moreover, changes in development may also
 provide a way in which rapid change can happen,
 and this may help to better understand the mecha-
nisms that may result in patterns seen in punc-
tuated equilibrium and the rapid diversification of
 animal phyla. It seems likely that the mechanisms
 of random mutations to generate genetic novelty
 and natural selection among such genetic variation
 may be inadequate to account for such rapid
 changes. Nevertheless, an understanding of devel-
opment and other newly discovered mechanisms
 by which change can occur may provide a better
 account of how evolution could occur, all of which
 involves better understanding creation's functional
 integrity (§ ..) in the biological realm.
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  DEVELOPMENT OF AN EXTENDED 
  SYNTHESIS OF EVOLUTION 
  THIS CHAPTER COVERS: 
 Symbiogenesis and the emergence of eukary-
otes, mitochondria, and chloroplasts
 Horizontal transfer of genetic information
  Whole-genome duplications 
 Evolution of developmental mechanisms
 Incorporating these new mechanisms in an
 extended synthesis that transcends the
 modern-synthetic theory of evolution
 As seen in the last chapter, some of the observa-
tions from the fossil record do not seem to fit the
 patterns expected under the paradigm of the
 modern synthesis. Rather than gradual change
 with many intermediates, there is evidence for
 some groups changing more suddenly. The pattern
 of punctuated equilibrium observed in the fossil
 record is one example of such a sudden change; this
 pattern may result from a mechanism of gradual
 change followed by evolutionary stasis that is con-
sistent with the modern synthetic theory of evo-
lution, or it might represent a rapid change that is
 not gradual. The Cambrian Explosion seems to
 represent rapid change resulting in diverse groups
 of animals, although these changes appear to have
 occurred over more than sixty million years rather
 than ten million years, as originally thought. The
 appearance of new body plans still seems to be
 more rapid than would be expected from the
 gradual process of evolution as described in the
 modern synthesis. An even more pressing question
 is whether the appearance of many new genes and
 functions that occur in these organisms can be ad-
equately explained by assembling nucleotides to-
gether to form new genes, as implied in the modern
 synthesis, or whether such genes could be mod-
ified from genes that developed in ancestral forms.
 In this chapter we will explore several recently
 described patterns and mechanisms of evolution
 that appear different from the mechanisms from
 the modern-synthetic theory of evolution that are
 based primarily on mutations and natural se-
lection. The evidence for several of these mecha-
nisms has come from being able to sequence DNA
 and better understand how changes in DNA can
 occur either through large-scale changes or more
 modest changes that involve regulating devel-
opment. Some of these mechanisms appear to in-
clude Darwinian components, especially natural
 selection, while others have been termed non-
Darwinian, since there is evidence that some vari-
ation is generated in a way that appears directed or
 responsive to the organism's needs, possibly re-
flecting creation's ministerial nature (§ ..).
 Some of these mechanisms appear to be quali-
tatively different from those mechanisms proposed
 in the modern synthesis in that they take more of
 a systems approach rather than merely a reduc-
tionist one that isolates individual components,
 such as genes. In a systems approach, each of the
 components acts in interaction in a more complex
 system, and with such interactions the overall
 effect may be different from what would be ex-
pected from just looking at the various compo-
nents in isolation. This theme along with several
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 others has emerged from a diverse set of discov-
eries in biology, some of which will be described in
 this chapter. Those described in this chapter in-
clude symbiogenesis in the origin of eukaryotic
 cells and organelles, horizontal gene transfer,
 whole-genome duplication, and the evolution of
  developmental processes. 
  27.1. SYMBIOGENESIS AND THE 
  ORIGIN OF EUKARYOTES 
 As described in section ., eukaryotic cells are
 distinguished from prokaryotic cells (in bacteria
 and archaea) by the presence of a membrane-
bound nucleus plus membrane-bound organelles,
 among many other features. The use of a branching
 tree to illustrate the relationships between the
 three domains of life, Bacteria, Archaea, and Eu-
karya (as in fig. .), has not led to a clear under- 
standing of the origin of eukaryotes, including the
 various characteristics that eukaryotes possess.
 There is a lack of intermediates between pro-
karyotes and eukaryotes, although eukaryotes are
 inferred to be more similar to archaea than to bac-
teria. But new ideas regarding the origin of eu-
karyotes have developed from recent findings.
 These ideas have involved the process of symbio-
genesis, in which different kinds of cells live to-
gether in close relationship (symbiosis   = “life to-
gether”) and generate a new kind of life. The
 melding together of two life forms in this way is at
 odds with the representation of the relationship of
 living organisms as a branching tree. However,
 evidence based on comparing DNA sequences of
 bacteria, archaea, and eukaryotes has led to con-
sidering alternative ways of understanding the
 origin of eukaryotes. The process of symbiogenesis
 has been used to explain the origin of eukaryotes
 overall as well as the eukaryotic organelles of mi-
 tochondria and chloroplasts. 
 ... The origin of eukaryotes.   There are a variety of
 features that eukaryotes have that prokaryotic cells
 do not have. For the sake of simplicity, we will
 focus on the origin of the membrane-bound nu-
cleus in this section. Some have proposed that the
 membrane surrounding the nucleus arose from
 the membrane at the border of the cell, so that a
 prokaryotic cell, perhaps an archaeon, developed
 into a eukaryotic cell by developing a membrane-
bound nucleus.   The major alternative is symbio-
genesis, perhaps involving the symbiotic combi-
nation of a bacterium and an archaeon, to give rise
 to the eukaryotic nucleus and to mitochondria.
 This is sometimes also referred to as the “ring of
 life,” in which the two domains of bacteria and ar-
chaea merge to form the eukaryotes. This idea has
 been supported by a growing body of evidence
 from studies of the genomes of living species of
 bacteria and archaea. The recent discovery of ar-
chaea known as Lokiarchaeota, which are more
 genetically similar to eukaryotes than other ar-
chaea, seems to provide additional possibilities for
 describing the origin of eukaryotes.   Thus the
 origin of eukaryotes remains largely unknown,
 and these recent discoveries are more suggestive
 than definitive at present.
 ... The origin of mitochondria and chloroplasts.
 While our understanding of the emergence of eu-
karyotes is still developing, our understanding of
 the origin of mitochondria and chloroplasts (or
 more generally, plastids) is much better estab-
lished.   In the late s biologist Lynn Margulis
 promoted the idea that mitochondria and plastids
 arose by a process of endosymbiosis. Mitochondria
 and plastids are organelles (subcellular structures
 1
 This scenario is described by Thomas Cavalier-Smith, “Origin of
 the Cell Nucleus, Mitosis and Sex: Roles of Intracellular Coevolu-
tion,”   Biology Direct   (): -.
 2
 See, for example, James McInerney, Davide Pisani, and Mary J.
 O'Connell, “The Ring of Life Hypothesis for Eukaryote Origins
 Is Supported by Multiple Kinds of Data,”   Philosophical Transac-
tions of the Royal Society B    (): .
 3
 Anja Spang et al., “Complex Archaea That Bridge the Gap Be-
tween Prokaryotes and Eukaryotes,”   Nature    (May , ):
  -. 
 4
  The term plastid 
 is more general, while the term   chloroplast   is
 more limited to green algae and green plants.
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 bounded by membranes) and are key functional
 components of eukaryotic cells (see “Going
 Further: Functions of Mitochondria and Plastids”
 below). Mitochondria perform most of the
 chemical work of aerobic respiration, in which eu-
karyotic cells, such as our own, can obtain chemical
 energy from carbon-based compounds such as
 sugars. Without mitochondria these cells would be
 able to derive only a small fraction of the energy
 available from these food sources. Plastids occur in
 algae and plants, and most perform photosyn-
thesis, in which light energy is stored as chemical
 Going Further: Functions of Mitochondria and Plastids
 Mitochondria and plastids are more than membrane-bound organelles within eukaryotic cells; they contribute very
 helpful functions to cells in regard to the capture and utilization of the energy required for cellular metabolism, and thus
 required for life to function as it does, providing a beautiful example of creation ministering to creation (§ ..).
 Mitochondria function as the energy powerhouses of cells through the process of aerobic respiration. As cells me-
tabolize food molecules, especially sugars, the cells capture the energy in energy-rich chemicals, especially ATP (ade-
nosine triphosphate). Cells use ATP as a source of energy for the great variety of energy-requiring reactions of life (chap. 
  ). As a eukaryotic cell metabolizes a sugar, such as glucose, it is able to generate two molecules of ATP for each mole- 
cule of glucose without the use of oxygen and without the participation of mitochondria. In contrast, with mitochondria,
 where the metabolites of sugar are combined with oxygen to produce carbon dioxide, it is possible to generate an ad-
ditional twenty-eight ATPs from each molecule of glucose, resulting in approximately  percent of the energy from
 glucose being captured in ATP. Thus mitochondria are essential for the efficient use of food, and this efficiency is part of
 the functional integrity of creation (§ ..), which contributes to the development of complex life.
 Most plastids function in photosynthesis, the capture of light into chemical energy. This involves pigments such as
 chlorophyll that capture the light energy and split water to produce oxygen. The process of splitting water also yields
 hydrogens with their electrons, which are combined with carbon dioxide to produce sugars. The overall chemical reac-
tion is the opposite of that of aerobic respiration, with the difference being that light energy is required to drive photo-
synthesis, while energy is obtained from aerobic respiration. The process of photosynthesis originated in particular
 bacteria, and these photosynthetic bacteria would have been the key primary producers of food (i.e., source of meta-
bolic energy) that could be consumed by other organisms. While some photosynthetic bacteria do not make oxygen as
 a byproduct (some make sulfur instead), the endosymbiont that resulted in the origin of plastids would make oxygen.
 Most photosynthetic organisms make oxygen, and this is the primary source of oxygen in our atmosphere. Compare the
 products of the two different reactions:
 Aerobic respiration: CHO  +  O    →    CO  +  HO
 Photosynthesis:  CO  +  HO    →   CHO  +  O
 The metabolic functions of aerobic respiration and photosynthesis occur in prokaryotic cells without specialized or-
ganelles. However, in eukaryotic cells these functions appear to have originated through the evolution of bacterial en-
dosymbionts. These two crucial metabolic functions are complex, involving many proteins playing roles in the many
 steps of each process. Rather than developing these functions separately, it appears that eukaryotic cells derived them
 by incorporating bacterial cells within their cells.
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 energy in sugars, providing food for these cells and
 for other organisms, since photosynthetic plants
 and algae provide most of the base of food chains.
 The idea that these organelles originated by endo-
symbiosis had been proposed earlier, but Margulis
 provided a fuller explanation based on some
 findings made in the s.
 A key finding that inspired Margulis's proposal
 for the endosymbiotic origin of these organelles
 was the discovery that these organelles contain a
 circular molecule of DNA, which encodes several
 genes. The presence of circular DNA is similar to
 what is found in living bacteria, although the size
 of the DNA present in these organelles is much
 smaller than in bacteria. For instance, human mi-
tochondrial DNA is about , base pairs in
 length and codes for thirty-seven genes, in com-
parison to the three billion base pairs in human
 nuclear DNA encoding for about twenty thousand
 genes. Plastid DNA in plants is typically about
 ,–, base pairs in length and encodes
 for about one hundred genes. Each of these organ-
ellar genomes is also much smaller than the ge-
nomes found in bacteria, which typically encode
 for fifteen hundred genes or more. Since these or-
ganelles contain genes, they also have the other
 components available to replicate DNA, transcribe
 DNA to make mRNA, and translate mRNA using
 ribosomes to make proteins that are used in these
 organelles. But the genes that they have are much
 fewer than the number of proteins needed for
 these organelles to function as independent or-
ganisms. Most of the genes for the proteins in these
 organelles are encoded in the nucleus, with tran-
scription occurring in the nucleus, translation into
 proteins outside the nucleus and outside the organ-
elles, with a final step of importing the proteins
 across the membranes of the organelle where they
 can be used. So mitochondria and plastids are de-
pendent on the cells of which they are a part.
 The current model for the origin of mito-
chondria and plastids involves serial endosym-
biosis, as illustrated in figure .. The model starts 
 with a eukaryotic cell with a membrane-bound
 nucleus. An endosymbiotic origin of mitochondria
 is inferred to occur early in the development of
 eukaryotes, since mitochondria are prevalent in
 eukaryotes, while the origin of plastids is inferred
 to occur later, reflecting the more limited distri-
bution of plastids among photosynthetic eu-
karyotes (plants and algae) and a few eukaryotes
 that possess nonphotosynthetic plastids.
 Starting with a eukaryotic cell without mito-
chondria, it might have been possible for such a
 cell to ingest a bacterium that was capable of per-
forming aerobic respiration. It is most likely that a
 eukaryotic cell would have digested the ingested
 bacterial cell to break down its components as
 food. Nevertheless, any host that did not digest the
 ingested cell may have been able to make use of the
 ability of the ingested cell to more efficiently me-
tabolize food molecules. If the host cell could get
 some of the metabolic energy from such an in-
gested cell, it would tend to survive better and
 persist in the environment by producing more off-
spring. As time went on, it appears that some of
 the genes in the DNA from the ingested cell were
 transferred to the nucleus of the host cell (i.e., hor-
izontal gene transfer, § .), and the ingested cell
 became an organelle rather than an endosymbiont.
 The difference here is that an organelle, such as a
 mitochondrion, would no longer have been able to
 live on its own but would have had to live as part
 of the cell. The reduced genome in mitochondria
 would make them dependent on the rest of the cell
 for continued existence, while the functions pro-
vided by mitochondria would benefit the cell. The
 endosymbiotic origin of mitochondria is thought
 to have occurred early in the history of eukaryotes
 since almost all eukaryotes have mitochondria,
 and the few that do not have mitochondria exhibit
 evidence for genes from endosymbiotic bacteria in
 their nuclei similar to those found in eukaryotes
  with mitochondria. 
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 Similarly, if a eukaryotic cell with mitochondria
 ingested a photosynthetic bacterium, it could
 either digest it or preserve its life as an endosym-
biont (fig. .). The presence of a photosynthetic 
 cell means that this cell would be able to produce
 its own food energy by capturing sunlight to make
 sugars. If some of this food energy were trans-
ferred to the host cell, then the host would benefit
 from the relationship. As with mitochondria, there
 is evidence that some of the genes from such an
 endosymbiont were transferred to the nucleus of
 the host, and thus the endosymbiont would lose its
 independence and become an organelle dependent
  on the cell. 
 The endosymbiotic origin of mitochondria and
 plastids is currently widely accepted by scientists.
 Several lines of evidence provide support for this
 mechanism. First, there are examples of bacteria,
 archaea, and eukaryotes living as endosymbionts
 in eukaryotic cells. Such endosymbiosis is more
 prevalent among unicellular eukaryotes, but there
 are also many examples in multi-
cellular eukaryotes such as animals,
 plants, and fungi.   Furthermore,
 these endosymbionts exhibit a
 range of dependence on their hosts,
 with some of these endosymbionts
 being very dependent on their host
 cells and unable to live apart from
 them. Similarly, many of the hosts
 have also become dependent on
 their endosymbionts. In most cases
 there is evidence for endosymbiotic
 gene transfer to the nucleus of the
 host. Second, the discovery that
 mitochondria and plastids have
 inner and outer membranes has
 been cited as evidence for endo-
symbiosis. According to this expla-
nation, the inner membrane would
 come from the bacterial endosym-
biont and the outer membrane
 would come from being engulfed
 by the host cell into a membrane-bound sac. Many
 textbooks describe this process as evidence for en-
dosymbiosis. However, many bacteria that are not
 endosymbionts have two membranes around each
 cell, and endosymbiosis is probably not the expla-
nation for this arrangement of membranes.
 Third, the mitochondria and plastids are of a
 similar size to bacteria. Fourth, these organelles
 divide by binary fission, as do bacteria. In this
 form of division, the circular DNA chromosome is
 replicated, and one copy goes to each daughter,
 formed as the whole cell or organelle is pinched
 across the middle to make two. Fifth, the presence
 of the circular chromosome, which does not have
 proteins known as histones, is similar to the situ-
ation in bacteria. This is in contrast to eukaryotic
 5
 See, for instance, Jennifer J. Wernegreen, “Genome Evolution in
 Bacterial Endosymbionts of Insects,”   Nature Reviews Genetics   
 (): -; Laila P. Partida-Martinez and Christian Hert-
weck, “Pathogenic Fungus Harbours Endosymbiotic Bacteria for
 Toxin Production,”   Nature    (): -.
 Figure ..   Serial endosymbiosis as a mechanism giving rise to mitochondria and plastids.
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 cells, which have a nucleus that contains multiple
 linear chromosomes each composed of a linear
 molecule of DNA with histone proteins associated
 with it. Therefore, mitochondria and plastids
 cannot be made de novo, since the specific se-
quences of nucleotides in the DNA must come
 from an ancestor, but rather must be made from
 preexisting mitochondria and plastids, using the
 process of binary fission just described. Sixth, mi-
tochondria and plastids have ribosomes (cellular
 components involved in protein synthesis) that are
 similar to those found in prokaryotes rather than
 to eukaryotic ribosomes. While some of these lines
 of evidence are merely consistent with endosym-
biosis as the origin of these organelles, the evi-
dence becomes more compelling with the more
 specific features noted in these later lines of evi-
dence, leading to an inference to the best expla-
nation (§ ..) with high confidence.
 The most compelling evidence comes from
 comparing the DNA sequences from the circular
 DNA in mitochondria and plastids to those of other
 organisms. Mitochondrial DNA from diverse eu-
karyotic organisms is most similar to the DNA of
 an intracellular parasitic bacterium known as   Rick-
ettsia, so it would be inferred that these two share
 the closest common ancestry, albeit with about two
 billion years of evolution in between. Similarly, the
 DNA found in plastids is found to be most similar
 to cyanobacteria, a group of photosynthetic bac-
teria that are abundant in both marine and fresh-
water habitats. Finding the closest match via DNA
 sequence is strong evidence for the inference of
 nearest common ancestor, as discussed in chapter 
  twenty-six, and provides the strongest kind of evi- 
dence supporting the idea that mitochondria and
 plastids descended from specific kinds of bacteria.
 Connected to this, genes that appear to have origi-
nated from such endosymbiotic bacteria are found
 in the nucleus of the host cell, which is part of the
 evidence that resulted in inferring endosymbiotic
 gene transfer from the endosymbiont to the nu-
cleus of the host cell.
 Besides providing a possible explanation for the
 origin of these key organelles, endosymbiosis also
 provides a pathway for genes to be transferred
 from one organism to a very different organism
 beyond the bounds of sexual reproduction, which
 is limited to organisms within a single species. This
 trail of DNA transfer has been evident across the
 inferred pattern of endosymbiosis and has pro-
vided a key bit of evidence for the endosymbiotic
 origin of these organelles from endosymbiotic bac-
teria. Furthermore, there is evidence that the
 plastids of some groups of algae (such as brown
 algae, diatoms, dinoflagellates, and euglenids) de-
veloped from a secondary endosymbiotic event in
 which a eukaryotic cell with plastids was the endo-
symbiont.   This is secondary endosymbiosis since
 the plastids carried by these eukaryotic endosym-
bionts would have been acquired by a primary en-
dosymbiotic event. Over time, the eukaryotic en-
dosymbiont would have genes transferred to the
 host nucleus, and most of or the entire nucleus of
 the endosymbiont would be lost. Much of the evi-
dence supporting secondary endosymbiosis is
 based on similarities of DNA and finding evidence
 for endosymbiotic gene transfer that is best ex-
plained by starting with a eukaryotic endosym-
biont. In a few cases, the remnant of a nucleus with
 a bit of DNA is also present in addition to the full
 nucleus from the host. Hence, it appears that endo-
symbiotic events have been important in the origin
 of plastids in several large groups of algae, in-
cluding species that are important primary pro-
ducers of food in both fresh and marine waters of
  the world. 
 6
 Thomas Cavalier-Smith, “Principles of Protein and Lipid Target-
ing in Secondary Symbiogenesis: Euglenoid, Dinoflagellate, and
 Sporozoan Plastid Origins and the Eukaryote Family Tree,”   Jour-
nal of Eukaryotic Microbiology    (): -. Since then,
 examples of tertiary endosymbiosis have also been found, in
 which plastids originated from a eukaryotic endosymbiont,
 which had plastids by secondary endosymbiosis: H. S. Yoon et
 al., “Tertiary Endosymbiosis Driven Genome Evolution in Dino-
flagellate Algae,”   Molecular Biology and Evolution   , no.  (May
  ): -. 
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 Endosymbiotic theory appears to provide a
 plausible explanation for the origin of mito-
chondria and plastids, providing eukaryotic cells
 with the crucial functions of aerobic respiration
 and photosynthesis. These functions are funda-
mental to the functioning of life, from the organi-
zational levels of cells to ecosystems and at every
 intermediate level. Providing for these functions in
 eukaryotic organisms has allowed for the devel-
opment of animals, plants, fungi, and other eu-
karyotes. We can understand this as a description
 of the functional integrity of creation in how
 complex life works and as ministerial action in
 providing for these functions through the process
 of symbiogenesis. It is also a mechanism that
 would not be expected based on previous ways of
 understanding but was discovered through ex-
ploring the evidence based on assumptions re-
garding the functional integrity of creation. God
 could have achieved this purpose in many ways,
 and the scientific exploration of the creation has
 led us to this understanding of the origin of mito-
chondria and plastids and their crucial functions.
 The process of symbiogenesis is both rapid and
 gradual. The rapidity is seen in the combination of
 cells with their genomes of two different species
 into one species. This is particularly in contrast to
 the gradual de novo origin via mutation and
 natural selection that might be expected from the
 modern-synthetic evolutionary theory. But this
 process also has its gradual components, as genes
 are transferred from the endosymbiont to the nu-
cleus over time and as the endosymbiont becomes
 progressively more dependent on the cell in which
 it dwells. More than providing a possible expla-
nation for the origin of mitochondria and plastids,
 the evidence for endosymbiotic gene transfer also
 provides a mechanism for generating genetic di-
versity by introducing genes from organisms
 across broad boundaries. Thus, instead of these
 organisms having to generate new genetic features
 that give rise to new structural features from
 scratch, organisms have ways of borrowing genes
 from other organisms. The reuse of such parts is
 possible because of the functional integrity of
 these systems, seen in the encoding and expression
 of genetic information in DNA, so that when DNA
 is moved to a new context in a different organism,
 it can function in the same or a similar way as it
 did in its original context. The reuse of these cel-
lular components is also a testimony to the minis-
terial action of the creation through providing the
 means for life. And, as we will see in the next
 section, there is evidence that such borrowing of
 genes is much more widespread than biologists
 thought just a few decades ago.
  27.2. HORIZONTAL GENE TRANSFER 
 Horizontal gene transfer (HGT) occurs when DNA
 from one species is transferred to another species.
 Normally genes are inherited vertically—that is,
 from one generation to the next within the same
 species. HGT occurs when genes are transferred
 directly from one individual to another, and this
 may occur from one species to another rather than
 being limited within a single species. Since genes
 are composed of DNA, and every cell is able to ex-
press the information in DNA, the transfer of this
 genetic material results in the transfer of the ge-
netic information that can function similarly in
  the new organism. 
 The evidence for the prevalence of HGT came
 while using particular gene sequences to build
 phylogenetic trees. As described in chapter twenty- 
 six, the comparison of DNA sequences has been a
 useful tool to trace out the phylogeny of species.
 Sometimes the phylogenetic tree, using a par-
ticular gene, gives different results derived from
 using several other genes. It was puzzling to scien-
tists that the phylogenetic trees supported by the
 sequence of some genes were very different from
 those trees supported by sequencing several to
 many other genes. For instance, many insects have
 bacterial endosymbionts, and some of the genes of
 these endosymbionts have been transferred to
 their insect hosts. If scientists isolated that gene
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 from the insect, sequenced it, and compared the
 sequence to those of other known organisms, it
 would indicate that this insect gene was most
 similar to homologous genes from bacteria rather
 than being similar to genes found in other insects.
 But the great majority of the genes carried by this
 insect would align with those of other insects. Thus
 inferring HGT provided for a rational explanation
  for this pattern. 
 A possible alternative to HGT for explaining
 such a pattern is gene loss. In this explanation, a
 common ancestor to these organisms contained a
 particular gene, and it was retained in two species
 but lost in most of the inferred relatives of the
 second species. Thus the loss of this gene must be
 inferred to occur many times, and the more times
 such a change is inferred, the less likely the expla-
nation is. HGT appears to be a better-supported
 explanation in cases where the two given or-
ganisms are distantly related, since gene loss would
 have to occur so many times in the other descen-
dants of the common ancestor.
 Nevertheless, such an explanation must also be
 accompanied by the discovery and elucidation of
 mechanisms for how genes can be transferred from
 one species into another and incorporated in the
 second species. HGT is a relatively common occur-
rence in bacteria; bacteria can obtain genes from
 other organisms using several well-described mech-
anisms. That all organisms share the same genetic
 code facilitates the functioning of these genes in
 their new context. First, bacteria can take up DNA
 in their environment and incorporate it into their
 genome, in a process termed   transformation. The
 DNA could be from the same species or from an-
other species. Scientists have discovered proteins on
 the surface of bacteria that bind DNA and promote
 transformation. Transformation also occurs in some
 eukaryotes. While transformation in eukaryotes is
 not as common, it does have the potential for pro-
 7
 This conclusion is an example of inference to the best explana-
 tion (§ ..). 
 viding a source of genetic variation through the in-
troduction of genes from one species to another
 across a widely divergent set of organisms.
 Second, DNA can be transferred from one bac-
terium to another through   transduction, involving
 transfer of DNA in a virus. Viruses that infect bac-
teria are called bacteriophages (“bacterium
 eaters”). Like all viruses, bacteriophages use the
 cellular machinery of the cell to replicate their ge-
nomes and make the needed proteins to assemble
 new viruses. Sometimes as new viruses are as-
sembled some DNA from the host bacterium cell
 is incorporated into the virus. Then, as that virus
 infects a new bacterium, it takes that DNA to the
 new bacterium. The incorporation of viral DNA
 also occurs in the nucleus of eukaryotes.
 Third, bacteria can receive DNA from another
 bacterium through the process of   conjugation. In
 this process, one bacterium can connect to another
 and transfer a small circular molecule of DNA
 (plasmid) that contains one or more genes. This
 mechanism appears to be particularly important
 for bacteria to transfer genes that confer antibiotic
 resistance to the bacteria, resulting in the rapid
 origin of antibiotic-resistant bacteria.
 Transduction and conjugation are more limited
 forms of HGT than transformation. The uptake of
 DNA from transformation is fairly nonspecific,
 while transduction is limited by the process of viral
 infection, and conjugation requires compatibility
 between bacterial cells. Since bacteria and archaea
 lack the genetic recombination that occurs in
 sexual reproduction, as described in section .,
 these mechanisms of HGT provide a means to gen-
erate genetic variation within bacteria and archaea.
 As mentioned above, evidence for HGT is espe-
cially prevalent among bacteria and archaea. Thus
 these organisms, which lack the ability to re-
combine genomes through sexual reproduction, as
 seen in eukaryotic organisms, are able to generate
 very significant genetic variation through HGT.
 Since prokaryotes, comprising bacteria and ar-
chaea, are primarily single-celled organisms, it is
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 relatively simple to understand how the intro-
duction of genes into these cells would change the
 nature of the entire organism. Among eukaryotes,
 HGT seems to be especially prevalent among uni-
cellular eukaryotes since the nucleus of that single
 cell contains the genome of the entire organism,
 and it will be passed on to subsequent generations.
 Similarly, the endosymbiotic origins of mito-
chondria and plastids are thought to have occurred
 in unicellular eukaryotes. However, the occurrence
 of HGT in multicellular eukaryotes appears to be
 much less frequent. Since only specific cells of mul-
ticellular eukaryotes would be involved in sexual
 reproduction giving rise to the next generation, it
 is necessary for HGT to occur in these germ cells
 for HGT to be effective in multicellular eukaryotes.
 One pathway for this may be for HGT to occur in
 single-celled stages of these life cycles, such as eggs
 or sperm, or spores in organisms that have spores.
 Even with this limitation, more and more examples
 of genes that appear to be present due to HGT are
 being discovered among animals, plants, fungi, and
 other multicellular eukaryotes through comparing
 their genomes with those of other organisms.
 These discoveries have shown that HGT has oc-
curred across all levels of the diversity of life. There
 is evidence for HGT between species that are closely
 related as well as between species that represent the
 three domains of life: bacteria, archaea, and eu-
karyotes. At the domain level, there is evidence for
 HGT in either direction between any pair of the three
 domains. The apparent endosymbiotic origin of mi-
tochondria and plastids represents a major case of
 HGT from bacteria to eukaryotes. The entire genome
 of the endosymbiotic bacteria involved here was ini-
tially taken into the host eukaryotic cell. Many of the
 genes from the original endosymbiont have been
 moved to the nucleus of the host, and some have re-
mained in the endosymbiont as it evolved into an
 organelle, while most genes have apparently been
 lost. The overall result is the development of key or-
ganelles found in eukaryotes, which are dependent
 on the genes now found in the nucleus.
 The discovery of HGT impacts the way we de-
scribe phylogenetic relationships. Representing
 phylogeny as a tree (§ .) is based on vertical
 inheritance. HGT adds connections between
 branches, so a web of life may provide a more real-
istic picture of how living organisms are related
 than by using a tree (fig. .). However, in concep- 
tualizing such a web, it needs to be realized that
 entire genomes are inherited vertically, from one
 generation to the next, while the amount of genetic
 information that is transferred horizontally is typ-
ically much smaller. Endosymbiosis is an excep-
tional example where the genome of the endosym-
biont is combined with that of the host to make a
 very new kind of organism, although most of the
 genes of the endosymbiont are usually lost. Given
 the greater scale of vertical inheritance, phyloge-
netic trees are still helpful ways to represent evolu-
tionary relationships, as long as it is understood
 that HGT may also occur.
 Even though the amount of DNA that is trans-
ferred horizontally is usually much less than the
 entire genome, it is thought that a large part of the
 genomes of most organisms may have been de-
rived via the successive accumulation of new ge-
netic information via HGT. Furthermore, the
 prevalence of HGT among bacteria and archaea
 complicates trying to trace phylogeny to a single
 LUCA, with some describing an ancestral com-
munity of cells rather than a single common an-
cestor (fig. .). 
 As more evidence from genomic studies has ac-
cumulated, it has become apparent that HGT has
 been a major source of novel genetic variation that
 can result in evolution. Moreover, HGT can result
 in new combinations of genetic information that
 go well beyond what is available through vertical
 inheritance. Therefore, we have a mechanism for
 producing genetic variation that could contribute
 to evolution far beyond what Darwin or Mendel
 could have imagined. As for symbiogenesis, HGT
 is a mechanism that allows for genes to move to
 new contexts and function in those contexts, again
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 based on the functional integrity of creation and
 on the ministerial action in providing for these
 new functions. This mechanism was not predicted
 by earlier studies, particularly in Mendelian ge-
netics, which stimulated the development of the
 modern-synthetic evolutionary theory. Again, this
 shows the importance of following the evidence
 where it leads, even if it is not predicted by current
  theoretical paradigms. 
  27.3. WHOLE-GENOME DUPLICATION 
 Polyploidy, the presence of multiple sets of chromo-
somes inside a cell, was included as a mechanism
 within the modern synthesis in chapter twenty-five. 
 It was among the latest concepts incorporated into
 the modern synthesis, and it represents a mechanism
 that shows rapid differences with the possibility of a
 reproductively isolated species arising in a single
 generation. Such a mechanism might be considered
 a reason to merely expand the modern synthesis to
 incorporate the new discoveries described in this
 chapter, since polyploidy was part of that effort. Yet
 this mechanism is also qualitatively different from
 the gradual processes proposed by Darwin and em-
phasized by the modern synthesis. More importantly,
 as we will describe, it provides some additional
 mechanisms to generate genetic variation.
  Because polyploidy in- 
volves one or more addi-
tional sets of the entire
 group of chromosomes in
 the nucleus, it is a form of
  duplicating the whole 
 nuclear genome, which is
  called whole-genome du- 
 plication (WGD). For- 
merly it was thought that
 WGD was fairly wide-
spread, occurring in  to
  percent of species of
 flowering plants and in a
 lower percentage of an-
imals. Moreover, it was
 thought that this process was limited in influence
 since it occurred either as duplication of genomes
 within a single species or as duplication that al-
lowed closely related species to hybridize because
 the polyploid number of chromosomes would
 allow for the hybrids to be fertile. More recent
 studies, including evidence from sequenced ge-
nomes, have led to the conclusion that perhaps
 every species of eukaryotic organism shows evi-
dence of genetic redundancy that can be attributed
 to WGD and that this phenomenon has provided
 an important mechanism that enables genetic
 variation that can lead to evolution.
 A result of WGD is that there are duplicate
 copies of every nuclear gene. Cells that are diploid
 (n) carry two copies of every nuclear gene, but
 most eukaryotic cells will undergo meiosis and
 develop haploid (n) cells that contain only a single
 copy. A polyploid cell of n   or more (n, n, etc.)
 chromosomes will have duplicate copies of each
 gene in every stage of development. This presence
 of redundant copies of genes means that a mu-
tation in one copy of a gene that changes it or
 causes it to lose its function would not necessarily
 8
 Douglas E. Soltis, Clayton J. Visger, and Pamela S. Soltis, “The
 Polyploidy Revolution Then . . . and Now: Stebbins Revisited,”
 American Journal of Botany    (): -.
 Figure ..   A depiction of a web of life based on horizontal gene transfer and an endosymbiotic origin of
 mitochondria and plastids. (Reprinted by permission from Macmillan Publishers Ltd.)
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 result in deleterious or lethal outcomes since there
 would be a functional copy still available. In other
 words, such a mutation may not be eliminated from
 the population by natural selection. As a result, there
 is much more flexibility in terms of the kinds of mu-
tations that may occur. This has been well studied in
 some organisms, especially plants, in which it is
 evident that WGD occurred sometime in the past.
 As the genomes of more organisms are sequenced, it
 is possible to compare related species that have or
 have not undergone WGD since sharing a common
 ancestor. In such comparisons one often finds that
 some parts of the genome appear to be rearranged,
 such as through inversions or translocations (fig. 
  .), while some genes have lost their function. 
 There is also evidence that some of these mutations
 result in new functions. A key example of WGD,
 gene loss, and possible new functions involving de-
velopmental genes will be examined in greater detail
 in the next section.
 Last, WGD can result in a transfer of genetic
 information across species lines. As described in
 section ..., polyploidy can enable organisms
 to hybridize and form offspring that are able to re-
produce normally, whereas hybrids with the
 normal number of chromosomes may be sterile
 and unable to pass on their genes. This is particu-
larly well known among domesticated plants such
 as hexaploid (n) wheat and octoploid (n) straw-
berries. Many plant species have originated by the
 hybridization of polyploid plants, with the hybrids
 containing new combinations of genes that make
 the hybrids so different that they function as sep-
arate species from the parental species. Thus WGD
 can enable extensive HGT to occur, at least in
 closely related species, through hybridization in-
volving sexual reproduction as a means.
  27.4. EVOLUTION OF 
  DEVELOPMENT (EVO-DEVO) 
 A new emphasis of exploring the evolution of de-
velopment, often informally referred to as “evo-
devo,” emerged in the s with the discovery of
 key genes involved in development.   Evo-devo is
 an interdisciplinary approach, incorporating
 newly discovered developmental genes and pro-
cesses as well as how changes in these genes and
 processes may affect the development of the forms
 of organisms. The modern synthesis included very
 little about development, which was unfortunate
 since describing development increases our under-
standing of forms, and changes in form are a major
 outcome of evolution. Development is an im-
portant process guiding how the form of various
 living organisms develops from a single fertilized
 egg into a multicellular organism with many dif-
ferent kinds of cells, organized into tissues and
 organs, and with a body with various parts devel-
oping in the right location to form a functional
  whole organism. 
 The morphology, or form, is largely determined
 by the action of genes, so that the form an organism
 has depends on the timing, sequence, and selec-
tivity of which genes are expressed in what part of
 the organism. Thus this specificity of expression in
 space and time will be important in determining
 the form an organism takes. And that form will in-
fluence the success of the organism at surviving
 and reproducing to the next generation. Hence, un-
derstanding development contributes to under-
standing how phenotype develops from genotype.
 Since phenotypes function in terms of fitness, un-
derstanding how developmental processes move
 from genotype to phenotype should shed light on
 how traits might be involved in evolution. In short,
 understanding more about the development of
 living organisms leads to a better understanding of
 the functional integrity of these organisms.
 Development was an important part of Darwin's
 theory of evolution. Darwin noticed and cited simi-
larities of embryonic development among vertebrate
 animals as an example of homologous structures
 9
 See Scott F. Gilbert, John M. Opitz, and Rudolf A. Raff, “Resyn-
thesizing Evolutionary and Developmental Biology,”   Develop-
mental Biology    (): -, for a helpful scientific and
 historical overview of evo-devo.
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 that he described as evidence for evolution in   The
 Origin of Species. Later in the nineteenth century,
 German naturalist Ernst Haeckel (–) took
 Darwin's idea one step further in his concept of “on-
togeny recapitulates phylogeny.” That is, as devel-
opment occurs, the embryonic forms (ontogeny)
 exhibit the various stages of evolution that pre-
ceded this species (phylogeny). This idea was
 prompted by observations such as the presence of
 gills and tails in human embryos, thus reflecting
 fish, reptile, and mammal ancestry in humans.
 While the idea that these developmental fea-
tures exhibit homology based on shared ancestry
 can be further examined, not all developmental
 stages from earlier phases of phylogeny are found
 in these developing embryos. As a result, Haeckel's
 Going Further: Ernst Haeckel and
  Embryological Development 
 Darwin incorporated some observations from embryology in   The Origin of Species   in the chapter making comparisons of
 morphology. He noted that there are similarities found in embryonic development of birds, reptiles, and mammals.
 Darwin attributed these observations to Louis Agassiz, but it seems probable that they came from Karl Von Baer (–
 ), who noted that vertebrate embryos all go through a very similar stage of development.a  Biologist and philosopher
 Ernst Haeckel was greatly impressed by Darwin's theory of evolution and became one of the most active proponents of
 evolution. He coined the term   ontogeny   to describe the pathway of development and the word   phylogeny   for the path-
way of evolution, and he considered that they had the same cause, as expressed in his biogenetic law: ontogeny reca-
pitulates phylogeny.b  He illustrated this idea in a figure showing embryological development in a variety of vertebrates
 ranging from fish to humans, showing an early stage in development where the embryos look almost identical, with
 significant differences showing up in later stages.c  In doing so Haeckel emphasized the similarities found between the
 embryos of these species and minimized the differences.
 Using a careful examination of embryological stages of a variety of vertebrates, Michael Richardson and colleagues
 showed that there are great differences in size and morphology in these embryological stages as well as differences in
 numbers of body parts and timing of development when comparing embryos of different vertebrate animals.d  Haeckel's
 exaggeration of the similarities of these embryonic stages damaged the progress of understanding the origin of the
 diversity of life in two major ways. First, since his ideas were influenced by philosophical assumptions based on nine-
teenth-century idealism and Romanticism, his ideas represented a distraction from understanding development and
 evolution from a scientific perspective, especially as he misrepresented embryological development to support his
 philosophical perspective. Second, those who were critical of the theory of evolution, including antievolutionists and
 intelligent-design advocates of the present, have used Haeckel's faked drawings as a point of contention, criticizing the
 theory of evolution as based on faked evidence. It is true that Haeckel's representation of embryos was both an oversim-
plification and a misrepresentation of the details. But the overall idea that the similarities in embryological morphology
 indicate common ancestry is still supported by the understanding of the common processes of development that have
 been discovered in animals.
 a
 Michael K. Richardson et al., “There Is No Highly Conserved Embryonic State in the Vertebrates: Implications for Current Theories of Evolution and Devel-
opment,”Anatomy and Embryology    (): -.
 b
 Scott F. Gilbert,“Ernst Haeckel and the Biogenetic Law,”in   Developmental Biology
 , th ed. (Sunderland, MA: Sinauer Associates, ), § ..
 c
  Ernst Haeckel, 
 Anthropogenie: Oder, Entwickelungsgeschichte des Menschen   (Leipzig: Engelmann, ).
 d
 Richardson et al.,“There Is No Highly Conserved Embryonic State.”
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 contention that “ontogeny recapitulates phylogeny”
 is not supported by the evidence. This idea was
 used in biology textbooks for many years, but sci-
entists have discarded it as a flawed idea that im-
peded the understanding of development (see
 “Going Further: Ernst Haeckel and Embryological
 Development”). Instead, as scientists learned more
 about the genetics of organisms, they discovered
 sets of genes involved in development, which pro-
vided a better understanding of how animals and
  other organisms develop. 
 One major theme in the development of multi-
cellular organisms, both plants and animals, is
 modularity. Repeating modules are seen in the
 form of the bodies of most animals. This is ap-
parent in segmented worms, such as earthworms
 and their relatives, where each segment represents
 a duplicated module. These modules may be spe-
cialized for different functions. Such specialization
 is especially noticeable in arthropods, such as in-
sects, in which body segments make up bodily
 regions of head, thorax, and abdomen. Similarly,
 vertebrate animals, including humans, show a
 structure of repeating modules that are clearly re-
flected in the multiple vertebrae that make up our
 backbones. Plants are also built based on a re-
peating modular structure, with nodes and inter-
nodes along a stem, and with leaves and buds
 arising at the nodes. In all of these cases the cells
 have the same genetic composition, but the ex-
pression of the genes is controlled spatially and
 temporally to result in a coordinated set of cells,
 tissues, and organs organized to result in the
  overall body plan. 
 A second theme in developmental biology is
 that of   controlling switches. As biologists unraveled
 the genetics of development, they found that some
 developmental genes were expressed in specific
 contexts, and those genes were acting to determine
 which other genes would be expressed in those
 contexts. That is, these developmental genes acted
 as switches, turning other genes on or off, resulting
 in development of different parts of the organism
 along an axis from head to tail in most animals or
 from root to shoot in plants.
 Genes as controlling switches can be illustrated
 by exploring the development of fruit flies. Fruit
 flies are a key model organism for studying ge-
netics since it is possible to obtain a variety of
 easily observable mutants, and it is simple to
 perform crosses, taking only two weeks to obtain
 the next generation from a breeding pair to see the
 results of controlled crosses. As a variety of muta-
tions were characterized, some of the mutants
 showed developmental abnormalities, such as the
 development of a leg where an antenna should be
 or the development of two pairs of wings when a
 normal fly has one pair. This kind of mutation re-
sulted in a shift of development, with a fully
 formed body part showing up in a different part of
 the body from where it should develop. The genes
 involved were termed   homeotic genes. Geneticists
 found that these genes were inherited as single
 genes, even though they caused very large differ-
ences in final form. Eventually a series of homeotic
  genes were discovered. 
 As homeotic genes were studied further, scien-
tists found that each of the homeotic genes of fruit
 flies contained a conserved sequence of DNA that
 was part of each gene. This conserved sequence
 was termed a   homeobox. Using this target sequence,
 it was quickly determined that all animals had
 homeotic genes with the same homeobox, and
 these genes were inferred to be homologous to
 each other. In animals these genes were dubbed
 Hox   genes, named for the homeobox. In animals
 such as fruit flies and vertebrates, in which the
 animal has a bilateral body with head and tail ends,
 Hox   genes are arranged in the same order along the
 chromosome as the order of their expression from
 head to tail (fig. .). So the Hox genes specify 
 which part of the body will develop all along the
 body. Normal development in a fruit fly results in
 three segments for the head, three for the thorax,
 and eight for the abdomen. The   Hox   gene   Anten-
napedia   was discovered because flies develop a leg
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 where an antenna should be in one kind of mutant
 (fig. .), while an antenna develops where a leg 
 should be in another kind (thus the name   Anten-
napedia). In   Ultrabithorax, the third segment of
 the thorax grows a second pair of wings along with
 the third pair of legs, where there should be the
 legs and a small structure known as halteres on the
 upper surface where the wings develop.
 In other words, one developmental gene is
 controlling the expression of multiple other
 genes. Thus these developmental genes act as
 master regulators, or switches. A small change in
 one developmental gene can result in a large
 change in the organism since that developmental
 gene affects the expression of multiple other
 genes. Developmental genes do so by encoding a
 transcription factor, a protein that binds to DNA
 and induces the expression of particular genes
 that have the appropriate DNA promoter se-
quence (described briefly in chap. , “Going 
 Further: Coding and Noncoding DNA”) near their
 starting end. Thus   Hox   genes produce proteins
 that switch on specific genes. Of course, this
 means the genes being activated need to have the
 correct promoter sequence of DNA near it so that
 the correct   Hox   protein can activate it. And this
 illustrates another aspect of evo-devo: multiple
 genes can be regulated in a coordinated manner
 by having the right regulatory element next to the
 gene. So copying and inserting DNA with this
 regulatory element appears to be part of the ma-
chinery of cells that achieves this kind of devel-
opmental regulation, a stunning example of
  creation's functional integrity. 
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 Figure ..   Hox   genes, arranged in a single cluster on one chromosome in invertebrates (all but teleost fish and tetrapods), four clusters along
 four chromosomes in tetrapods, and six clusters along six chromosomes in teleost fish. Similar colors indicate   Hox   genes that are considered to be
 homologous. The expression pattern of these genes in development is illustrated, showing how genes are arranged along the chromosomes in a
 similar order to their expression along the head-tail axis of the animal.
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 As   Hox   genes were
 further researched in an-
imals, scientists found that
  invertebrate animals, in- 
cluding fruit flies, have a
 single cluster of   Hox   genes
 on a single chromosome,
 while most vertebrate an-
imals have four clusters on
  four separate chromo- 
somes (fig. .). Some fish 
 have six or seven clusters of   Hox   genes. Hence, it
 appears that there were two whole-genome duplica-
tions involved in the origin of vertebrate animals
 from invertebrates (with a third duplication in-
volved in fish, along with the subsequent loss of one
 or two clusters). When comparing the order of   Hox
 genes in the fruit fly with those in the mouse, one
 can see that the order has been maintained in each
 cluster, although some of the   Hox   genes in the du-
plicated clusters in the mouse have lost their
 function. The locations where gene function has
 been lost typically contain DNA sequences that are
 similar to the functional gene, but mutations have
 occurred that resulted in the loss of function. This
 is an example of a pseudogene, as described briefly
 in section ..   This illustrates what can occur due
 to whole-genome duplication, resulting in both ad-
ditional copies of genes and the subsequent loss of
  some genes. 
 Since   Hox   genes are found in all animals, they
 are a genetic characteristic of animals. While only
 a few kinds of   Hox   genes are found in radially sym-
metrical animals such as cnidarians (jellyfish,
 corals, and the like) or irregularly symmetrical
 animals such as sponges, more genes are in these
 clusters for animals with bilateral symmetry. It is
 thought that the development of a series of   Hox
 genes occurs by gene duplication, where a segment
 of DNA containing a   Hox   gene is duplicated along
 the same chromosome (as in fig. .), and the 
  10 
 Pseudogenes in humans will be explored further in chap. . 
 second copy then changes in sequence and function
 over the generations. This would be a simpler ex-
planation than generating new   Hox   genes indepen-
dently since it provides a reasonable explanation
 for the similarities seen between   Hox   genes.
 Hox   genes are described as comprising a family
 of genes encoding for a family of DNA-binding
 proteins involved in development. The conser-
vation of homologous   Hox   genes in order on a
 chromosome in bilateral animals, including di-
verse groups of invertebrates as well as all of verte-
brate animals, indicates there has been a relatively
 small amount of change in these developmental
 genes. It is possible that the crucial developmental
 functions of these genes result in constraints in
 making too many changes. Nevertheless, it seems
 that even small changes can result in large changes
 in development. The relatively conservative
 changes in   Hox   genes so that homologous genes
 can be recognized in diverse animals are accom-
panied by large-scale changes in the number of
 clusters through whole-genome duplication in ver-
 tebrate animals. 
 In addition to   Hox   genes, other developmental
 genes also show deep homology. It is possible for a
 developmental gene to be transplanted from one
 organism to another and to function in similar
 ways in the other organism. For instance, a mu-
tation in a particular developmental gene in fruit
  11 
 This is another instance of inference to the best explanation
 (§   ..) that invokes parsimony.
 Figure ..   A normal fruit fly (left) develops small antennae on its head. A fruit fly with a mutant
 Antennapedia   gene (right) develops legs in the positions where antennae should develop.
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 flies results in eyeless flies. When the   PAX   gene
 involved in eye formation in mice is introduced
 into eyeless fruit flies, the ability to produce eyes in
 newly developing flies is restored. This is particu-
larly remarkable given the great structural dif-
ference between eyes in a vertebrate animal, such
 as a mouse, and the compound eyes in a fruit fly.
 Insects have compound eyes, composed of thou-
sands of visual subunits, each one with a lens and
 visual cells, compared to vertebrate eyes, which
 have a single lens focusing light on a retina made
 of many visual cells. Thus both kinds of eyes
 function in providing the ability to see, but they
 may have developed this function in an inde-
pendent manner rather than having a common
 origin. These eyes are different enough that they
 are considered to be analogous instead of homol-
ogous to each other. But at a developmental level,
 the presence of genes that help to specify the devel-
opment of a structure, such as an eye, in these very
 different animals indicates at least some shared
 origin. Therefore, developmental genes appear to
 exhibit homology at a deeper level than the struc-
tures that ultimately develop. Moreover, this illus-
trates how developmental genes can act as master
 switches resulting in the development of such fea-
tures. Hence, very diverse animals share a common
 toolbox of developmental genes, another amazing
 example of creation's functional integrity.
 Understanding development may provide some
 insight to the evolutionary transitions that are ap-
parent from the fossil record. In chapter twenty-six, 
 we saw that the development of new structures
 usually does not occur de novo, and often struc-
tures are changed somewhat in purpose, or co-
opted. In co-option, a structure that served one
 purpose may be changed to serve a different
 purpose. Understanding developmental processes
 may help to explore how those changes occurred.
 For instance, one key transition among vertebrate
 animals is the development of jaws. By exploring
 jawless and jawed vertebrates, biologists have
 found that   Hox   genes appear to be involved in the
 change in development of jaws from gill arches
 that appeared in jawless predecessors. Thus a
 structure that was present to support the opening
 of gills may have developed into jaws. Similarly,
 Hox   genes are involved in the development of the
 limbs found in tetrapods, and these limbs appear
 to have developed from the asymmetrical devel-
opment of bones found in lobefinned fish. Fur-
thermore,   Hox   genes help to direct the devel-
opment of the ear bones found in mammals, using
 homologous bones found in the reptilian jaw. In
 each of these cases, the   Hox   genes direct devel-
opment of parts in different ways, providing novel
 structures, as seen in these animals. These ex-
amples illustrate how the same developmental
 genes can be harnessed to produce quite different
 functional body parts using the same materials, an
 elegant example of creation's functional integrity.
 Besides the development of new structures
 from old, developmental biology helps us to under-
stand changes in the number and size of parts in-
volved in various structures. The development of
 five digits on the appendages of most tetrapods
 from amphibians to mammals is the result of the
 spatial arrangement of developmental cues. Even
 though it is not clear why five appears to be the
 typical number of digits, with some organisms
 possessing fewer digits but few having more, the
 spacing of developmental cues is key to that.
 Human cases of polydactyly, with six fingers and
 toes, are due to a genetic alteration of these devel-
opmental cues. Similarly, the size of structures can
 be influenced by developmental genes, and biolo-
gists have been using these discoveries in develop-
mental genetics to better understand the different
 shapes represented by homologous structures such
 as mammalian forelimbs (fig. .). These dif- 
ferent shapes allow for vastly different adaptations
 to life. Similarly, developmental genes are being
 explored for their effects on aspects such as the
 size of beaks in birds, which affect what kinds of
 food they can eat. All of these adaptations provide





[image: ]
  528 
  PART FIVE: ORIGIN OF SPECIES AND DIVERSITY OF LIFE 
 for the ongoing life of the living creatures that
 possess them, and their origin can be understood
 to be part of the ministerial action of creation. Our
 growing understanding of the processes of devel-
opment, along with the genes involved, seems to
 help us better understand how these adaptations
 originated and thus how the ministerial action
 arises in the functional integrity of creation.
 Therefore, the new discoveries in developmental
 biology have resulted in understanding a whole
 suite of genetic processes that may provide addi-
tional possibilities for rapid change. Just as Men-
delian genetics necessitated a new synthesis to in-
corporate that new understanding of inheritance,
 these new discoveries about developmental pro-
cesses are leading to yet further refinements in the
 theory of evolution. While horizontal gene transfer
 and whole-genome duplication provided addi-
tional genetic variation on which natural selection
 could act, a better understanding of how develop-
mental pathways are involved in going from the
 genes an organism possesses to the form it mani-
fests provides insight into how these genes function.
  27.5. AN EXTENDED SYNTHESIS 
  OF EVOLUTION 
 The topics of symbiogenesis, horizontal gene
 transfer, whole-genome duplication, and evolution
 of development illustrate the kinds of patterns and
 mechanisms that have been discovered more re-
cently that are changing our understanding of the
 origin of the diversity of life. Some of these mecha-
nisms provide a greater range of genetic variation,
 which is beginning to alter how scientists are ex-
plaining the pattern of change over time observable
 in living organisms. All of these mechanisms would
 result in much more rapid change over time than
 would be expected from the modern-
synthetic mechanisms, involving only genetic re-
combination, mutation of DNA, genetic drift, gene
 flow, and natural selection. As scientists incor-
porate these more recently described phenomena
 into their explanations, they expand the range of
 mechanisms by which genetic variation can be gen-
erated. Three alternative ways to account for these
 new findings are () incorporate these new findings
 as an ongoing part of the modern synthesis;
 () extend the modern synthesis since new pro-
cesses have been discovered, but do not replace it;
 or () develop a new paradigm to replace the
 modern-synthetic theory of evolution.   This last
 option can be characterized as non-Darwinian,
 and while the debate among scientists has focused
 more on the first two options, more about this third
 option can be found in “Going Further: James
 Shapiro and Natural Genetic Engineering.”
 The theoretical framework adopted by scientists
 provides the context for further scientific explo-
ration. Therefore, it is important to consider the
 role of such a paradigm in the way that science is
 practiced. The modern synthesis has been the
 dominant paradigm in evolutionary theory for
 some time, and this dominance has influenced the
 way the evidence is interpreted or even which evi-
dence is considered. Thus paradigms can be
 helpful for providing an overall explanation, but
 paradigms act like windows that can either limit or
 expand our understanding of what evidence is
 considered or how inferences are drawn. Remem-
bering that the paradigm shift represented by the
 modern synthesis was based on new discoveries in
 genetics at the beginning of the twentieth century,
 it appears that the new understandings repre-
sented by the ideas presented in this chapter re-
quire us to at least extend our understanding of
  12 
 A key example of this viewpoint is seen in G. A. Wray et al.,
 “Does Evolutionary Theory Need a Rethink? Counterpoint: No,
 All Is Well,”   Nature    (): -.
  13 
 A clear, short description can be found in K. Laland et al., “Does
 Evolutionary Theory Need a Rethink? Point: Yes, Urgently,”   Na-
ture    (): -. A more extended discussion is provided
 by Massimo Pigliucci and Gerd B. Müller, eds.,   Evolution, the
 Extended Synthesis   (Cambridge, MA: MIT Press, ).
  14 
 This is the overall approach taken by James A. Shapiro,   Evolu-
tion: A View from the st Century   (Upper Saddle River, NJ: FT
 Press Science, ). The classic text for scientific paradigms is
 Thomas Kuhn,   The Structure of Scientific Revolutions, rd ed.
 (Chicago: University of Chicago Press, ).
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 evolution. Furthermore, this may better account
 for some of the patterns seen in the fossil record
 and molecular phylogenies, explored in the last
 chapter. Such observations and inferences might
 be better explained using new mechanisms that
 have been recently discovered.
 Biology has often been a surprising enterprise
 of discovery, with the study of living creatures
 leading to many unexpected findings. This is part
 of the contingent nature of creation, according to
 which scientists need to explore the evidence to
 understand it rather than rely on preconceived
 ideas. As a result, scientists do not always find what
 is expected based on a particular theoretical
 framework. Such discoveries call for that theo-
retical framework to be altered to account for these
 new findings.   While scientists are eager to explore
 discoveries that can be regarded as breakthroughs,
 they are generally (and ideally) careful not to over-
state their findings but rather to consider the evi-
dence. The new discoveries described in this
 chapter have been scrutinized to a degree similar
 to or greater than any scientific finding. In fact, in
 the case of some of these findings the scientists
 who made these discoveries were the first skeptics
 on the scene, needing to be convinced of their
  15 
  Kuhn, 
 Structure of Scientific Revolutions.
 Going Further: James Shapiro and
  Natural Genetic Engineering 
 In his book   Evolution: AView from the st Century, James Shapiro describes several evolutionary mechanisms that could
 be considered non-Darwinian. He describes horizontal gene transfer, symbiogenesis, whole-genome duplication, and
 genome restructuring as four areas that Darwin never knew about or anticipated but which could generate genetic
 variation that could result in organisms changing. Shapiro considers the generation of useful genetic variation as the key
 step in this process, with natural selection playing a subordinate role, if needed at all. From his studies as a microbial
 geneticist, combined with the explosion of new information coming from the study of DNA, he proposes   natural genetic
 engineering   as a key concept by which organisms make genetic changes in response to their environment.a
 Shapiro describes a variety of mechanisms of natural genetic engineering, involving cells moving DNA into or out of
 cells, breaking and reassembling chromosomes, and inserting copies of mobile genetic elements into DNA. Along the
 way, additional changes can be made, such as inserted DNA changing in ways that they become functional parts of
 genes (exons), splicing genes in alternative ways to include or exclude these functional parts in the final protein, and
 using some proteins for new purposes. He also considers mutations to be an important part of generating genetic varia-
tion but notes that mutations occur as the enzymes that synthesize DNA insert the “wrong” nucleotide. While these
 enzymes are typically very accurate in replicating DNA so that on average there is only one variation in every ten billion
 nucleotide bases, one study with bacteria showed that when cells are under stress, the rate of mutations can increase
 to one in one hundred thousand bases. This responsiveness to environmental factors can be interpreted as a way to
 generate genetic variation that may allow for adaptation to stressful conditions, an example of what creation minister-
ing to creation could look like. According to Shapiro, there are many ways to generate novel genetic variation on which
 evolution would depend, and it occurs in the context of cells and organisms that work as integrated systems responding
 to their environment. This sounds somewhat like Lamarckian evolution by acquired variation (§ ..), although it dif-
fers by being rooted in changes that occur in the DNA that is passed from one generation to the next.
 a
 As such, we can understand natural genetic engineering as a form of creation ministering to creation (§ ..).
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 findings before communicating these results to
 others in the form of publications. Scientific publi-
cations are reviewed by peers, forming a next level
 of scientific scrutiny. Finally, other scientists who
 read these publications, especially those who work
 in the same field, can test the findings of the au-
thors by further examining the same system used
 by these authors or exploring to see whether similar
 findings can be found in other organisms. Thus
 scientists ideally follow the evidence regarding
 natural phenomena to develop explanations for the
 origin of the diversity of life in a way that functions
 as a community of accountability (§ .).
 The new discoveries described in this chapter
 regarding evolutionary processes, as well as others
 that could have been described (e.g., see “Going
 Further: James Shapiro and Natural Genetic Engi-
neering”), generally transcend the modern syn-
thesis, which is why many evolutionary biologists
 have described the need for an extended synthesis
 of evolutionary theory. The call for an extended
 synthesis of evolution has come from a body of
 evidence that has accumulated to support the
 mechanisms described in this chapter as well as
  other mechanisms. 
 This chapter only begins to describe the new
 developments in evolution that we believe justify
 at least an extended synthesis of evolution. These
 new developments have some general character-
istics, summarized here to help better consider
 their significance regarding explaining patterns in
 the origin of the diversity of life.
 One overall characteristic of these extended
 mechanisms is the provision for rapid genetic
 change. Sometimes that involves the incorporation
 of new genes, such as through endosymbiosis or
 horizontal gene transfer. In such cases new sources
 of genetic information are obtained from other or-
ganisms rather than developing these de novo by
 the process of mutation. Other times it appears to
 involve how genes are utilized, as in the evolution
 of development. Hence, two organisms might have
 very similar genes, but those genes might be ex-
pressed in different patterns of timing or spatial
 organization, resulting in greatly differing forms.
 This is true because an organism's genes act in a
 system of many interactive components. Thus, in-
stead of reducing an organism to its genes, con-
temporary scientists are focused more on under-
standing how the genes function in the context of
 interactive systems. With this suite of new mecha-
nisms that can result in generating large genetic
 changes or changes in how genes are used, rapid
 changes can occur, sometimes with large changes
 happening in a single generation.
 Another theme that is emerging is that of mod-
ularity, in which parts can be reused in various
 ways and adapted for different purposes. Adapting
 a structure for another purpose has been called
 exaptation or co-option.   A key example of exap-
tation occurs with feathers, which first appeared in
 particular dinosaurs that did not fly. The apparent
 purpose of these feathers was to provide insulation
 for a warm-blooded animal, or perhaps to addi-
tionally provide coloration for camouflage or
 display. In most modern birds, feathers are pri-
marily adapted for flight, although they still serve
 the purposes of insulation and coloration. This
 concept has been useful to consider how struc-
tures, ranging from the molecular structure of pro-
teins to the developmental form of body parts, can
 have similar origins but be co-opted for a variety
  of functions. 
 As the science regarding the origin of the di-
versity of life has progressed, we have a fuller yet
 not complete understanding of the natural phe-
nomena involved in describing this origin. Dar-
win's theory of evolution provided a large paradigm
 shift regarding the pattern of common descent and
 the mechanism of natural selection to account for
 change over time. Nevertheless, continuing scien-
tific discoveries have greatly modified that theory,
 and there is still much to discover. As such it is
  16 
 Stephen J. Gould and Elisabeth S. Vrba, “Exaptation—A Missing
 Term in the Science of Forms,”   Paleobiology    (Winter ): -.
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 premature to say that the theory of evolution has
 explained everything. Indeed, there is no case
 where all the steps of transformation from one
 species to the next have been fully elucidated, but
 this is the case with all scientific theories.   Never-
theless, it does appear that the developing theory
 of evolution has provided a useful way to under-
stand many of these patterns. This ongoing
 framework has given us an explanation based on
 natural phenomena that helps to explain what we
 observe in these organisms.
 Let us consider the development of the theory
 of evolution in the context of the five definitions of
 evolution described by Haarsma and Haarsma dis-
cussed in section .. First, microevolution is
 strongly supported by the evidence but does not
 seem to be adequate to explain the deep patterns
 of similarity seen among organisms of different
 species. Second, the pattern of change over time is
 supported by the fossil evidence, but it does not
 describe what causes the changes. Third, common
 descent would explain the deep patterns of simi-
larity observed among organisms and is at least a
 very helpful way to understand the diversity of life.
 Our considerations have focused on the fourth
 definition of evolution, which is describing a
  17 
 See “Going Further: Misunderstood Scientific Terms,”   §   ...
 theory of evolution that provides an explanation
 for the origin of the diversity of life that incorpo-
rates microevolution, pattern of change over time,
 and common descent. We have seen that this
 theory has changed greatly with the discovery of
 biological processes, particularly those processes
 concerning inheritance and development. Moving
 from Darwin's theory of evolution to the modern
 synthesis occurred as the discovery of Mendelian
 genetics provided a fuller explanation of inheri-
tance, a central concept necessary for a theory of
 evolution. The still-developing extended synthesis
 provides some potential macroevolutionary mech-
anisms that can occur suddenly rather than merely
 through the accumulation of microevolutionary
 changes. It will be interesting to see what scientists
 discover further regarding these microevolu-
tionary and macroevolutionary processes and
 their importance in leading to the origin of the
  diversity of life. 
 Yet it seems clear that these processes are a re-
flection of the functional integrity of a creation that
 is given room by its Creator to develop, and that
 there is no warrant for the further development of
 the theory of evolution into evolutionism, the fifth
 definition of evolution, which would conclude that
 God is not involved or is absent. These are some of
 the issues we now turn to address.
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  BIBLICAL AND THEOLOGICAL 
  PERSPECTIVES ON THE ORIGIN 
  OF THE DIVERSITY OF LIFE 
  THIS CHAPTER COVERS: 
 Relating evolution to a comprehensive doctrine
  of creation 
 Models by which the origin of species can be
 understood in the context of Christian faith
 An evaluation of intelligent design
 Distinguishing the scientific theory of evolution
  from evolutionism 
 In this part of the book we have seen that the
 theory of evolution is the key scientific explanation
 for the origin of the diversity of life. We have also
 seen that the development of that theory exem-
plifies the tentative nature of scientific explana-
tions, in that new information has led to major
 modifications of evolution as an explanation for
 the origin of the diversity of life. While Darwin's
 original formulation was deficient in under-
standing how genetic traits are inherited, the
 modern synthesis incorporated the new findings
 of Mendelian genetics. However, even this way of
 understanding genetics represents an oversimpli-
fication of reality, as uncovered in a multitude of
 new discoveries through the study of DNA se-
quences and functions better understood by con-
sidering genes in complex systems that affect their
 structure and expression. The current age of ge-
nomic studies in biology has led to many findings
 that are not adequately described in the modern
 synthesis, indicating the need for another large
 shift in how evolutionary theory is formulated.
 Some have called this an extended synthesis since
 it retains much from Darwinian and modern-
synthetic evolutionary paradigms, but the new
 findings exemplified by symbiogenesis, evo-devo,
 and other developments provide new mechanisms
 regarding how genetic variation is generated and
 how it functions (chap. ). For example, the evi- 
dence for common descent among organisms is
 stronger than ever in the light of new DNA evi-
dence, but the iconic branching tree of life may
 need to include cross-connections to make more
 of a web of life due to horizontal gene transfer.
 Likewise, while the mechanisms of genetic drift,
 gene flow, and natural selection still appear to be
 useful in understanding some of how evolution
 may occur, the new findings particularly focus on
 how genetic variation may be generated as well as
 how genetic regulation is more interconnected in
 systems, necessitating a greater focus on the
 system rather than on individual genes.
 Along the way we have had opportunity to see
 how the properties and mechanisms discussed re-
garding the scientific explanations for the origin of
 species may exemplify elements of the doctrine of
 creation, such as creation's functional integrity
 (§ ..) and ministerial nature (§ ..), through
 which the triune Creator may be working. In this
 chapter we want to take a deeper look at how the
 biblical and theological themes of this book in-
tersect with our understanding of the origin of the
  diversity of life. 
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  28.1. EVALUATING THE THEORY 
  OF EVOLUTION BY THE 
  DOCTRINE OF CREATION 
 In the description of the development of the theory
 of evolution, we have seen how various aspects of
 the doctrine of creation have been misunderstood
 or ignored in some cases. As a review, recall from
  chapter nineteen  the Aristotelian focus on Forms, 
 which resulted in a mistaken view of the fixity of
 species that was incorporated into the natural the-
ology of Ray, Linnaeus, and Paley. Or the vitalism
 of Lamarck, which had the driving force for change
 in the organism itself as it acquired adaptive char-
acteristics and passed those characteristics to the
 next generation. Darwin's concerns over the
 goodness of God in light of the larvae of parasitoid
 wasps that eat living caterpillars display a lack of
 understanding God's ministerial action in creation.
 More positively, we have also seen that the func-
tional integrity of creation and the contingency of
 creation are consistent with the development of
 the theory of evolution to explain the origin of the
 diversity of life. While consistent, the fact that the
 scientific description is not yet complete shows
 there is still much to learn. Our growing knowledge
 of how this creation works as a functional whole
 and how parts of creation minister to other parts
 means that an authentic scientific description can
 help provide an understanding that is consistent
 with God's creative action.
 Nevertheless, the theory of evolution has been
 problematic for many Christians, particularly since
 Darwin's time. Darwin's faith wavered as he con-
sidered the aspects of creation that he perceived as
 evil, challenging his notion of a good and loving
 God. It was not just his observation of the natural
 world but his experience in his family as well. The
 prolonged illness and subsequent death of his
 daughter Annie caused him to doubt God's
 goodness. Furthermore, his understanding that his
 grandfather Erasmus Darwin, who did not claim to
 be a Christian, would suffer in hell because of his
 unbelief bothered him since he considered his
 grandfather a fine example of a scholar and a gen-
tleman whom he loved. Charles Darwin describes
 himself as an agnostic in his autobiography. Add to
 this Darwin's association of natural theology with
 Christianity; when he thought his theory rendered
 the natural theology of Paley (..) untenable,
 Christianity seemed to lose plausibility too. While
 there have been rumors that he had a conversion to
 Christianity late in life, these rumors do not have
 any basis in historical documents.
 Nevertheless, many Christians in science, as
 well as many pastors, found Darwin's theory of
 evolution to be acceptable and compatible with
 Christianity.   The acceptance by Christians in
 science is helpfully summarized and described by
 historian David Livingstone in   Darwin's Forgotten
 Defenders, where he notes that the response by
 Christians in science and theology to Darwin's
 theory ranged from opposition to acceptance. The
 reasons for opposition typically involved the per-
ceived incompatibility between Darwinian evo-
lution and the design argument. However, others,
 very notably Harvard botanist Asa Gray and
 Princeton theologian B. B. Warfield, found Dar-
win's ideas regarding the origin of species to be
 compatible with evangelical Christianity.
 As noted in chapter twenty-four, evolution and 
 creation can be considered to be answers to dif-
ferent kinds of questions rather than opposing an-
swers to one question of origins. That is, evolution
 would describe a natural mechanism for ap-
pearance by gradual means, and the opposite
 1
  Charles Darwin, 
 The Autobiography of Charles Darwin, ed. Nora
 Barlow (New York: W. W. Norton, ); B. B. Warfield, “Charles
 Darwin's Religious Life,” in   B. B. Warfield: Evolution, Science and
 Scripture: Selected Writings, ed. Mark A. Noll and David N. Liv-
ingstone (Grand Rapids: Baker Books, ), -.
 2
 For Christians in science, see David N. Livingstone,   Darwin's
 Forgotten Defenders: The Encounter Between Evangelical Theol-
ogy and Evolutionary Thought   (Grand Rapids: Eerdmans, );
 for pastors, see James R. Moore,   The Post-Darwinian Controver-
sies: A Study of the Protestant Struggle to Come to Terms with
 Darwin in Great Britain and America, –   (Cambridge:
 Cambridge University Press, ).
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 would be a mechanism that involves God's inter-
vention and sudden appearance. Creation de-
scribes an origin that is dependent on something
 outside the origin of the existence of that which is
 being created, and creation is attributed to God's
 action. The opposite would be to say that all there
 is existed on its own, and there is no God to create
 it. In contrast, if one were to accept that evolution
 and creation are not opposites, as briefly described
 in chapter twenty-four, then it may be possible to 
 consider evolution and creation as compatible ex-
planations to different kinds of origins questions
 about God's work in the world.
 Some have considered the random nature of
 genetic variation, followed by the differential sur-
vival and reproduction based on that variation (i.e.,
 natural selection) to be lacking in purpose. A dys-
teleological viewpoint, which understands the
 world as without purpose, as Jerry Coyne and
 Richard Dawkins advocate, would certainly be an-
tithetical to a theistic position.   God's creation is
 made in a purposeful way and fulfills God's inten-
tions (§ ..). But are the struggle and death that
 appear to result from natural selection a needless
 waste (as was considered in chap. )? In the pre- 
ceding chapters we have seen that randomness
 does not necessitate believing something is acci-
dental or without purpose. Rather, we have seen
 how regular patterns of variation and chance are a
 part of the functional integrity of creation, giving
 creatures the flexibility and responsiveness to
 adapt to their surrounding conditions.
 Moreover, rather than seeing death as a problem,
 it is more helpful to understand how death is
 woven into the functionality of life. The functioning
 of the living world depends on the death of crea-
tures that become food for other creatures and
 make mineral nutrients available for organisms in
 every ecosystem. In this way death is part of the
 3
 Noll and Livingstone,   B. B. Warfield
 . See also Mark A. Noll and
 David N. Livingstone, eds.,   Charles Hodge: What Is Darwinism?
 And Other Writings on Science and Religion   (Grand Rapids:
  Baker Books, ). 
 ministerial action of the continued existence and
 functioning of creation. This can be seen in how
 food is provided through the death of the or-
ganisms that are being consumed. Similarly, the
 finite nature of creation means the continued life of
 creatures that arise by proliferation through repro-
duction, by means of the death of these creatures
 and the recycling of their chemical components.
 Without this kind of death and decay, the dynamics
 of the living world would cease to function.
 In the midst of this finite creation, creatures
 have amazing ways of making a living, described
 in Scripture as God's provision for creatures (e.g.,
 Ps ; Mt :). The theory of evolution provides
 a helpful even if incomplete explanation for the
 origin of the adaptations that living creatures
 possess to flourish in the world. The diversity of
 living organisms, as well as the diversity of adapta-
tions that these living organisms have, demon-
strates that there are many ways organisms could
 be adapted. In the process of evolution, we have a
 means by which creatures can explore the possi-
bilities regarding effective adaptations through
 genetic variation, with the helpful adaptations per-
sisting, potentially shedding light on the con-
tingent rationality of the created order (§ ..).
 Another pattern that seems to emerge is the
 persistence of helpful adaptations that may be co-
opted for other purposes. The usefulness of various
 parts seems to have given rise to the persistence of
 such parts. Hence, the development of photosyn-
thesis in various bacteria was useful for those bac-
teria. This also greatly increased the concentration
 of oxygen in the atmosphere. The ability to photo-
synthesize has apparently become the basis for
 photosynthesis in hundreds of thousands of
 species of plants and algae through the origin of
 photosynthetic plastids via symbiogenesis (chap. 
  ), resulting in an economy of innovation and an 
 abundance of utility. Similarly, the   Hox   develop-
mental genes discovered in animals illustrate a
 pattern in which a type of gene originated and was
 duplicated, and copies changed to make a relatively



















[image: ]
  BIBLICAL AND THEOLOGICAL PERSPECTIVES ON THE ORIGIN OF THE DIVERSITY OF LIFE 
  535 
 conserved set of genes that helped determine the
 development of many wonderful forms.   Likewise,
 the development of jaws from gill arches, the de-
velopment of legs from fin bones, or the devel-
opment of ears from jawbones are just a small se-
lection of animal parts that were developed for one
 purpose but were reshaped to function in new
 ways. These kinds of examples can be seen as in-
stances of the Spirit's creativity in creation working
  through creation. 
 Last, the apparent “struggle for existence” in
 Darwinian evolution can be better understood as
 a cooperative interplay for existence. This is most
 obvious in a variety of ecological relationships. It
 is very clearly seen in mutualistic symbiotic rela-
tionships, in which two (or more) organisms live
 together in close cooperative relationship and in
 the process form in a relationship that promotes
 life. Lichens, for instance, which can be found on
 the bark of trees or on bare rock, are made up of a
 fungal symbiont and an algal symbiont. The fungus
 provides a habitat for the alga, and the alga pro-
vides nutrition through photosynthesis for the
 fungus. Each is dependent on the other, and this
 results in composite life forms that are recog-
nizable as species, even though they make up two
 or more separate species. Another key symbiotic
 relationship involving fungi and plants is that of
 mycorrhizae. Mycorrhizal fungi infect and obtain
 nutrition from the roots of plants and helps the
 plant grow better through facilitating the uptake of
 mineral nutrients and water. This symbiotic rela-
tionship makes land plants more productive,
 which is a benefit for living creatures on land in-
 cluding humans. 
 There are many other symbiotic relationships
 involving this kind of cooperation. A slightly dif-
ferent kind of cooperation can be seen in the rela-
tionship between flowering plants and insects or
 other animals that are involved in pollinating the
 4
  Sean B. Carroll, 
 Endless Forms Most Beautiful: The New Science
 of Evo Devo   (New York: W. W. Norton, ).
 flowers. Some of these relationships are highly spe-
cialized, such as specific insects that pollinate spe-
cific species of orchids. Another such relationship
 can be seen in the yucca moth, which both polli-
nates the yucca plant and lays its eggs in the flowers.
 As the seeds develop after pollination, the yucca
 moth caterpillars hatch, develop, and consume
 some of the seeds. This provides for the repro-
duction of a new generation of both plant and moth.
 Sometimes these are obligate relationships, so that
 the extinction of one partner in the relationship will
 result in the extinction of the other. In the struggle
 for existence many organisms exhibit cooperation.
 Surveyed as a whole, it seems that the theory of
 evolution not only is consistent with a compre-
hensive doctrine of creation but also possibly ex-
emplifies many of its features:
 •
 If God intends for creation to become itself,
 as something distinctly different from God
 (§§ .., ..), then we would expect cre-
ation to have a variety of developmental or
 growth capacities. The theory of evolution, as
 its development continues, shines a spotlight
 on more and more of the capacities by which
 creation fulfills its mandate to originate living
 organisms (Gen :, , ) and through
 which the Spirit can produce multiplicity and
 diversity sustained by the Son (§ ..).
 •
 Particular genetic variations conferring sur-
vival advantages, such as change in fur color,
 and variations in gene-regulatory networks
 providing new capabilities can be seen as
 means by which creation ministers to cre-
ation as Father, Son, and Spirit work through
 the very creation they have made (§§ ..
  and ..). 
 •
 Evolutionary processes, as with the geo-
logical processes discussed in part three,
 represent means through which God can
 create in space and time (§ ..).
 •
 Moreover, there is nothing in evolutionary
 science that rules out God's personal
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 involvement in any natural process (§ .).
 From the standpoint of the doctrine of cre-
ation, we can talk fully and faithfully about
 how Father, Son, and Spirit are personally
 involved in everything that goes on in evo-
lution (§ ..). So, contrary to some claims
 that the theory of evolution represents an
 alternative to a biblical view of creation, the
 doctrine of creation allows us to see a variety
 of ways that evolutionary mechanisms and
 common descent could be means through
 which the Trinity is at work in creation.
 What does represent an alternative to a bib-
lical view of creation is the metaphysical
 naturalism that many needlessly attach to
 evolutionary theory among other sciences
 (chaps.  and ). 
  28.2. VIEWS ON CREATION 
  AND EVOLUTION 
 Oftentimes Christians are presented with a false
 dichotomy between creation and evolution, a
 version of the false dilemma described at the be-
ginning of chapter two. Realizing that creation and 
 evolution can be understood as addressing dif-
ferent categories of inquiry leads to the conclusion
 that these two terms are not necessarily mutually
 exclusive. A more helpful approach is to explore a
 range of views, as a number of authors have done.
 Gerald Rau recently presented and analyzed a
 range of six models that comprehensively cover the
 5
  Alvin Plantinga, 
 Where the Conflict Really Lies: Science, Religion,
 and Naturalism   (New York: Oxford University Press, ).
 6
 Some recent examples of treatments that present ranges of views
 on creation and evolution are J. P. Moreland and John Marks
 Reynolds, eds.,   Three Views on Evolution and Creation   (Grand
 Rapids: Zondervan, ); Karl W. Giberson and Donald A.
 Yerxa,   Species of Origins: America's Search for a Creation Story
 (Lanham, MD: Rowman & Littlefield, ); Deborah B.
 Haarsma and Loren D. Haarsma,   Origins: Christian Perspectives
 on Creation, Evolution, and Intelligent Design, nd ed. (Grand
 Rapids: Faith Alive Christian Resources, ); Ken Ham, Hugh
 Ross, Deborah Haarsma, Stephen C. Meyer, J. B. Stump, and
 Stanley N. Gundry,   Four Views on Creation, Evolution, and Intel-
ligent Design   (Grand Rapids: Zondervan, ).
 logical range of views.   Starting with the two ex-
tremes, he defined several views in the middle, re-
sulting in a spectrum of six models ranging from
 YEC to naturalistic evolution. In defining these
 models along a spectrum, Rau recognizes that the
 views fit more along a continuum with some dis-
tinguishable defining characteristics. As review,
 the five definitions of evolution provided by
 Haarsma and Haarsma described in chapter 
  twenty-four  include () microevolution, () pattern 
 of change over time, () common ancestry, ()
 theory of evolution, and () evolutionism.   These
 definitions provide a helpful framework for con-
sidering the implications of each of the six models
  proposed by Rau. 
 ... Young-Earth creation model.   The YEC model
 was briefly discussed in parts one through three. To
 summarize, it proposes that all of creation origi-
nated in a recent time, such as ten thousand years
 ago or less, as consistent with a particular literal
 concordist (§ .) interpretation of Genesis . YEC
 is compatible with microevolution as a mechanism
 of change, but it is not compatible with the other
 four definitions of evolution, since these would re-
quire an ancient age for creation. A YEC view is
 particularly in conflict with the evidence that
 comes from the disciplines of cosmology and ge-
ology, as well as the long times indicated in the
 fossil record as described in the definition of evo-
lution as the pattern of change over time. The ac-
ceptability of microevolution can be seen in the
 concept of   baramin, a Hebrew transliteration for
 “created kind.”   The approach of baraminology tries
 to discern what would be considered to be the orig-
inally created kinds, recognizing that some kinds of
 living organisms appear to be very closely con-
nected through hybridization or by other evidence.
 7
  Gerald Rau, 
 Mapping the Origins Debate: Six Models of the Begin-
ning of Everything   (Downers Grove, IL: InterVarsity Press, ).
 8
 Haarsma and Haarsma,   Origins.
 9
 Todd Charles Wood, Kurt P. Wise, Roger Sanders, and N. Doran,
 “A Refined Baramin Concept,”   Occasional Papers of the Barami-
nology Study Group, no.  (): -.
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 The idea is that the baramins evolved via microevo-
lution to produce diverse varieties within each
 baramin. Hence, a limited amount of evolution is
 incorporated into this aspect of a YEC model,
 which attempts to relate what some take to be a bib-
lical term for created kinds to the scientific evi-
dence. As fitting the definition of microevolution,
 such change does not cross the barrier of species,
 and so common ancestry across larger groupings of
 living organisms would not be accepted.
 However, note that Genesis  uses the Hebrew
 term   min   for “kind,” which carries no classificatory
 meaning, and that   baraʾ   is ambiguous as to whether
 it refers to the creation of objects or functions
 (§ ..). Moreover, the concept of baramin does
 not seem to be supported by the evidence re-
garding common ancestry, such as that discussed
 in chapter twenty-six. For instance, it might be 
 possible to talk about a baramin including dogs,
 wolves, coyotes, and other similar animals, and a
 separate baramin that includes cats, both great and
 small. Yet such a classification would ignore that
 the cats and dogs seem to be more closely related
 to each other as carnivores (classified in the mam-
malian order Carnivora) than they are to mammals
 that are not in this order, such as mice, bats, deer,
 whales, and so forth. Therefore, a description of
 the diversity of life as a set of separately created
 baramins does not include the hierarchy of simi-
larities and differences recognized by Linnaeus in
  his categories. 
 ... Old-Earth creation model.   The OEC model
 characterizes the responses by some Christians in
 science who recognize the scientific evidence re-
garding the ancient age of creation as being com-
patible with their understanding of the Bible (e.g.,
 day-age interpretations, § ..) but generally hold
 that evolution is not an adequate explanation for
 the origin of species. OEC proponents also gen-
erally take a concordist interpretation of the Bible,
 especially the creation accounts in Genesis. Propo-
nents of the OEC model would affirm the process
 of microevolution, and those who are progressive
 creationists would affirm the historical pattern of
 change observed in the fossil record. Some limited
 amount of common ancestry might also be ac-
cepted by some proponents of the latter, and this is
 a reminder of the continuous nature of this
 spectrum of models. Most who fit in the pro-
gressive creationist view would reject common
 ancestry and the theory of evolution, instead pro-
posing God's intervention in the history of life.
 Many proponents of intelligent design (ID) also fit
 in this category, inferring design as an alternative
 to common descent. ID will be considered in
 greater detail below. As with YEC, OEC explana-
tions for the origins and diversity of organisms
 stand in contrast with the evolutionary explana-
tions we have discussed in this book
 ... Directed evolution model.   Directed evolution
 (DE) is the first model along the spectrum that is
 characterized as an evolutionary model, with evo-
lution being directed by God. Unlike the previous
 two models, this model is based on a noncon-
cordist understanding of Genesis (§ .). This
 model fully accepts common ancestry and would
 accept the theory of evolution with the qualifi-
cation that evolution is directed by God's action.
 Whether divine action in creation is in the form of
 unmediated interventions that are empirically de-
tectable would be a determining factor for favoring
 either the OEC side or the planned evolution side
 of the DE segment of the spectrum. The combi-
nation of detectability of design and common de-
scent would characterize scientists such as Michael
 Behe, with the directed aspect of evolution indi-
cating both intelligent design and the inadequacy
 of the theory of evolution.   Thus evolution can be
  10 
 See, for example, Robert C. Newman, “Progressive Creationism
 (‘Old Earth Creationism'),” in Moreland and Reynolds,   Three
 Views on Creation and Evolution, -.
  11 
  Michael J. Behe, 
 Darwin's Black Box: The Biochemical Challenge
 to Evolution   (New York: Free Press, ); Behe,   The Edge of
 Evolution: The Search for the Limits of Darwinism   (New York:
  Free Press, ). 
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 evident regarding common ancestry, but evolution
 is purposefully directed by an intelligent cause.
 ... Planned evolution model.   The planned evo-
lution (PE) model accepts evolutionary mecha-
nisms as adequate to explain the origin of species,
 with God planning the processes and the outcomes.
 It is also built on a nonconcordist interpretation of
 Genesis. As such, no unmediated intervention
 needs to be imposed, as seen in DE. Some would
 refer to both DE and PE models as evolutionary
 creation, with   creation   being the primary concern
 regarding God's action but   evolutionary   conveying
 the mechanism of how creation developed. This
 model is compatible with the definitions of evo-
lution from microevolution to evolutionary theory
 but not with evolutionism, since God is considered
 to be the Creator and sustainer of all. Both PE and
 DE models are labeled as evolutionary models, em-
phasizing a process of origin by evolution, even if
 our understanding of the mechanisms of evolution
 may change as new discoveries emerge, as de-
scribed in chapters twenty-four through twenty-
seven. They could also be labeled as creation
 models, as expressed in the term   evolutionary cre-
ation, since both models accept that the origin and
 continued existence of all things is due to God's
  activity in creation. 
 ... Nonteleological evolution model.   According to
 the nonteleological evolution (NTE) model, there
 is a God who creates, but this God is not involved
 in the ongoing existence and operations of creation.
 This is indistinguishable from a deistic position in
 which God winds things up but allows the creation
 to proceed on its own, like a clock. This model is
 compatible with the first four definitions of evo-
lution but is incompatible with evolutionism. It is
 also compatible with a two-realms approach that
 separates religion from science (§ ..). As such,
 this model has no relationship to God's revelation
 in the Bible and is inconsistent with the doctrine of
 creation's emphasis on the triune Creator's ongoing
 activity in creation. A nonpurposive view of cre-
ation and its workings has always been opposed by
  orthodox Christianity. 
 ... Naturalistic evolution model.   Naturalistic evo-
lution (NE) is defined by accepting the scientific
 description of evolution as a rational explanation
 for the origin of species but also contends that
 there is no God. In this model metaphysical natu-
ralism is used to understand evolution, in contrast
 to using the doctrine of creation to understand
 evolution. As a practical matter, many scientists
 would consider the notion of God as irrelevant
 rather than deliberately excluding God, which il-
lustrates something of the continuity of the
 spectrum at the NTE-to-NE boundary. The NE
 model is compatible with all five definitions of evo-
lution and is the only one consistent with evolu-
tionism. As was argued in chapter twenty-four, 
 evolutionism is unnecessary and unjustified based
 on widely accepted definitions of science as an ex-
planation of the natural world, as well as being
 diametrically opposed to theism. Representing the
 opposite extreme of the models from YEC, evolu-
tionism typically is the model that YEC advocates
 argue against, blurring the distinction between
  evolution and evolutionism. 
 ... Assessing the models.   The first four models
 fall within the scope of historic Christianity, while
 the last two are outside Christian faith because
 either God is not involved or does not exist. That
 four models are compatible with Christianity as
 revealed in the Bible and as defined by the historic
 creeds illustrates the complexity of this topic, and
 this complexity can be better understood by recog-
nizing that multiple factors are involved. Biblical
 interpretation by far is the most important of these
 factors. For instance, concordist and noncon-
cordist interpretations of Scripture distinguish the
 first two views (YEC and OEC) from the second
 two (DE and PE). We have given some reasons in
  12 
 A quintessential example of this confusion is Henry Morris,
 Scientific Creationism   (El Cajon, CA: Master Books, ),
 originally published in .
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 chapters one, four, and five for preferring noncon-
cordist to concordist interpretations. The most
 important theological factor is the doctrine of
 creation. The first three models depend on an
 unmediated—one might say interventionist—
 understanding of how God acts in creation. PE is
 somewhat ambiguous with respect to how divine
 action in creation is understood but seems to draw
 a separation between science and theology (see
 below). Nevertheless, notice that the first four
 views all take the Bible and at least some of the ele-
ments of the doctrine of creation seriously, their
 disagreements notwithstanding. So it simply is
 unhelpful to have a dichotomous either-or ap-
proach that privileges simple choices over the com-
plexity that more adequately describes the choices
 or to label Christians who differ with the view you
 adopt as compromisers or idiots.
 Laying out the range of models, as Rau has
 done, is helpful for revealing the complexity of the
 situation within historical orthodoxy. Similar to
 what we saw regarding models for relating the-
ology and science (§ .), there is no “Christian
 consensus” on which of these models captures the
 relation between Christian faith and scientific
 theories of origins. This, of course, does not mean
 that the first four models are equally good at
 making sense of all of the biblical, scientific, and
 historical information available to us. But they do
 represent the range of models around which the
 Christian community's debates should focus.
 Rau distinguishes DE and PE according to dif-
fering modes of the interaction of religion and sci-
ence.   In his definition PE takes science and re-
ligion to be complementary and separate domains,
 distinguished by different modes of explanation
 (as in the family of two-realms models in § ..).
 By contrast, DE views science and theology as in-
teracting domains. Nevertheless, it seems to us
 that drawing the distinction this way ignores the
 mediated action that is described in a compre-
  13Rau, 
 Mapping the Origins Debate, -.
 hensive doctrine of creation. A comprehensive
 doctrine of creation emphasizes that much of
 God's activity in creation is mediated through cre-
ation (§ ..), but this understanding seems in-
consistent by categorizing PE as having a sharp
 distinction between science and theology, while
 DE seems to have no room for mediated divine
 action. We would suggest that these two models
 might better be distinguished based on the in-
ference of God's intervention in natural processes
 (DE) versus mediated modes of divine action (PE).
 The former directed intervention is unnecessary in
 a comprehensive doctrine of creation, in which
 God's action in creation can be mediated through
 natural processes created through and sustained
 by the Son and energized by the Spirit to fulfill cre-
ation's calling in Genesis .
  28.3. INTELLIGENT DESIGN AS AN 
  ALTERNATIVE EXPLANATION 
 Although the ID position is not included along
 Rau's spectrum of models, he points out that ID
 has a different kind of defining feature, based on
 looking for detectable evidence for intelligence
 being involved in origins. Hence, the ID view is
 compatible with YEC, OEC, and DE views, with the
 majority of proponents of this view working under
 the presuppositions that define OEC. Let us ex-
plore whether ID provides a useful way to under-
stand the origin of species and the relationship of
 scientific explanations to theological explanations.
 We have seen design used as a way to under-
stand the natural world from the context of natural
 theology, with William Paley's exposition of design
 being widely influential (chap. ). Paley's defi- 
nition of design was based on the recognition of
 purposeful function and complex structure, with
 this recognition being best explained by the in-
ference of design. Indeed, the relation of structure
 and function is one of the foundational concepts of
 how biology is described and understood. There
 are two major ways to think about design in the
 context of a doctrine of creation. First, ID might be
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 seen as a faith proposition that is based on God's
 action in creation. That is, since all things are made
 through the Son, everything is made with purpose.
 Therefore, God intentionally and purposefully
 made the creation with specific forms of con-
tingent rationality and functional integrity. This
 definition would be completely congruent with a
 comprehensive doctrine of creation, as described
  in chapter two. 
 Second, ID might be seen as an aspect of cre-
ation that can be empirically demonstrated, re-
vealing the action of a designer with purpose and
 intentionality. This seems to be the defining char-
acteristic of the ID movement, as described by
 William Dembski, Stephen Meyer, Michael Behe,
 and others. Two major ways of detecting intelligent
 design are the explanatory filter and the inference
 of irreducible complexity.   Both of these ways at-
tempt to define the apparent design of Paley in
 modes that can be empirically demonstrated.
 The explanatory filter considers three possible
 explanations for a phenomenon: necessity, chance,
 and design. If the phenomenon is following a pre-
scribed pattern that can be described as a natural
 regularity, then it can be inferred that the pattern
 is there by necessity. If there is no such natural
 cause or regularity, one can explore if the phe-
nomenon could have occurred by chance.   If the
 likelihood of such a phenomenon occurring is
 within the bounds of probability, then chance could
 provide an adequate explanation. Hence, it does
 not need to be a highly likely event but one within
 the bounds of probability. Dembski considers a
  14 
 The explanatory filter can be found in William A. Dembski,   The
 Design Inference: Eliminating Chance Through Small Probabili-
ties   (New York: Cambridge University Press, ). Irreducible
 complexity is described in Behe,   Darwin's Black Box, particu-
 larly chap. . 
  15 
 It is often the case in this literature that chance, or randomness,
 is taken to be a quality that contrasts with necessity but is other-
wise unspecified (e.g., could be lawless or causeless). We
 remind readers that scientific notions of chance are always law-
like, conforming to statistical laws (§   ..). This omission can
 greatly affect the probability judgments in arguments such as
  Dembski's. 
 probability of one in   to be the upper bounds
 of describing something that could occur by
 chance.   This is certainly an overestimate of the
 natural bounds of probability, and he has set this
 high barrier in an attempt to allow for as much
 chance as realistically could be considered. The
 intent of the explanatory filter is to use it to de-
termine the probability of particular complex and
 specified phenomena, such as a particular se-
quence of nucleotides in DNA. There is no nec-
essary order of nucleotides along DNA, so necessity
 can be rejected as an explanation. The next step
 would be determining the probability of a specified
 sequence, especially where this particular sequence
 results in a fully functional gene product and where
 an alteration in the sequence would not.
 Dembski applied his explanatory filter to the
 complex workings of a bacterial flagellum, which
 functions to propel a bacterial cell through the
 liquid in which it is living.   Behe used the
 structure of a bacterial flagellum as a prime ex-
ample of irreducible complexity.   Irreducible
 complexity can be considered to be a special type
 of specified complexity, according to Dembski, in
 which a system has several essential components
 that work together. In such cases the components
 would not function alone, and the system will
 function only if all of the components are in place.
 Evolution based on the process of natural selection
 depends on selecting for function. Thus this line
 of reasoning would question how each of the com-
ponents of such a system could develop their
 function when they only function together with
 other components. A typical bacterial flagellum
 has about fifty separate proteins working together,
 with about thirty in the structure itself and an-
other twenty involved in its assembly. Dembski
  16 
  William A. Dembski, 
 No Free Lunch: Why Specified Complexity
 Cannot Be Purchased Without Intelligence   (Lanham, MD: Row-
man & Littlefield, ).
  17 
 Recall the discussion in chap. . 
  18 
  Dembski. 
  19 
  Behe, 
 Darwin's Black Box, chap. . 
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 calculated the probability of obtaining a func-
tioning bacterial flagellum based on generating
 this structure from scratch. By exploring what it
 would take to put together fifty different kinds of
 proteins from the four thousand–plus encoded by
 bacteria, he calculated that the probability of ob-
taining a bacterial flagellum by chance would be at
 least one in   and perhaps as improbable as one
 in , with the first being highly unlikely and
 the second being well beyond the bounds of prob-
ability described above. By applying the explan-
atory filter, Dembski concluded that the direction
 of an intelligent cause is needed for the origin of
  the bacterial flagellum. 
 Note that this reasoning is based on the dis-
covery of the complexity of bacterial flagella, which
 are composed of many separate kinds of proteins.
 However, the degree of complexity is even greater
 when one considers the variety of bacterial flagella
 that have been studied in hundreds of bacterial
 species. As scientists have explored more of this
 complexity, it is possible to evaluate the claim that
 the individual components of bacterial flagella
 would not function on their own but only as part
  of the whole. 
 There is a great amount of variation in the
 placement, structure, and function of bacterial fla-
gella.   Hundreds of species of bacteria have had
 their genomes sequenced, so it is possible to ex-
plore the variety of proteins in these different kinds
 of flagella in various species of bacteria by studying
 the genes that encode these proteins. It is apparent
 that most of the genes that encode proteins that
 function in bacterial flagella also have different
 functions in other bacteria. A major example can
 be seen in comparing bacterial flagella and injecti-
somes.   The overall function of these two bacterial
 structures is very different, with bacterial flagella
  20 
 For example, see Songye Chen et al., “Structural Diversity of
 Bacterial Flagellar Motors,”   EMBO Journal    (): -.
  21 
 Andreas Diepold and Judith P. Armitage, “Type IIISecretion Sys-
tems: The Bacterial Flagellum and the Injectisome,”   Philosophical
 Transactions of the Royal Society B    (July , ): -.
 functioning in moving the bacterial cell through
 liquid, while the injectisome is involved in punc-
turing other cells to inject protein toxins into that
 cell. Yet the similarity comes in that they have a
 similar secretion system involved in transporting
 proteins out of the cell through the cell membrane.
 In the case of flagella, the long tail is made by
 protein subunits that are exported out of the cell by
 the type III secretion system that goes across the
 membrane. In the case of the injectisome, proteins
 secreted through the membrane and through a
 needle-like structure that can puncture another
 cell are used to kill the other cell. The proteins in-
volved in these secretion systems are so similar
 that they are considered to be homologous—that
 is, showing evidence of having a common origin
 (fig. .). Of the twenty-seven proteins making up 
 the flagellar complex and nineteen that make up
 the injectisome, twelve were found to be homolo-
gous.   Furthermore, other proteins in bacterial
 flagella appear to be homologous to yet other bac-
terial proteins. Rather than being irreducible
 systems, bacterial flagella have multiple parts that
 have other functions in addition to their functions
  serving motility. 
 The concepts of the explanatory filter and irre-
ducible complexity were both developed to detect
 ID as an alternative to the perceived unguided
 nature of evolution as described by the modern syn-
thesis of evolution (aka Neo-Darwinism). Demb-
ski's estimate showing the improbability of the
 origin of bacterial flagella seems to be based on the
 assumption that the assemblage of proteins is com-
pletely random. It does not recognize the evidence
 of use, reuse, and co-option of components that is
 emerging from recent studies of genomes and the
 development that is resulting in an emerging ex-
tended synthesis of evolutionary theory.   These
 themes are evident when comparing the proteins
  22 
  Diepold and Armitage. 
  23 
 This is one example where not paying attention to scientific no-
tions of randomness adversely affects the probability judgments
  Dembski makes. 
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 and genes involved in bacterial flagella to other
 functions these proteins have, and the growing un-
derstanding of evolution including these themes
 seems to provide a better way to understand the
 origin of these structures than appealing to ID as an
 explanation. Nevertheless, it is important to note
 that we are not forced to choose between an intel-
ligent designer and mere natural processes oper-
ating (the false choice of chap. ). Rather, from the 
 standpoint of a comprehensive doctrine of creation,
 we can understand that the processes that gave rise
 to the injectisome and bacterial flagella were means
 through which the triune Creator worked to
 produce new varieties in the world.
 28.4.   THE THREAT OF
  EVOLUTIONISM 
 The theory of evolution has been the mistaken
 target of much Christian effort since the publi-
cation of Darwin's   Origin of Species   in . The
 perception of threat is real enough. Theologian
 Colin Gunton puts it this way: “The [threat of evo-
lution] is if it can somehow demonstrate that the
 sole reason for the emergence of the human is im-
personal evolution.”   This would be NE or NTE,
 both of which are antithetical to Christianity as
 atheistic or deistic models, respectively. However,
 as Gunton goes on to point out, “It is clear that this
 cannot be done on merely scientific grounds. How
 could it be demonstrated that something happens
 only by virtue of natural forces rather than by
 those as directed by God's providential guidance?
 It is clear that matters of world-view are also at
 work in the making of a decision about which in-
terpretation is the more reasonable.”
 There is no way any scientific theory or form of
 scientific investigation can demonstrate that God
 was not involved or does not exist (§ .). Such
 conclusions follow only from the assumption of
 metaphysical naturalism (chap. ), not from any- 
thing that scientific methods can ever do. Eugenie
 C. Scott makes the same point: “When a scientist
 makes a statement such as ‘Man is the result of a
 purposeless and natural process that did not have
  24 
  Colin Gunton, 
 The Triune Creator: A Historical and Systematic
 Study   (Grand Rapids: Eerdmans, ), .
  25 
  Gunton, . 
 Figure ..   Similar structure of bacterial flagella and bacterial injectisomes, as well as inferred homology with ATP synthase.
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 him in mind' (Simpson : ), it is clear that
 he or she is speaking from the perspective of philo-
sophical naturalism rather than from the method-
ology of science itself.”   A comprehensive doc-
trine of creation helps us to see that scientific
 methods can only shine light on possible means
 through which the triune Creator could be working
 in creation; these methods can never determine
 worldview matters such as the existence or activity
 of God in creation by themselves despite the philo-
sophically naive protestations of Coyne, Dawkins,
 and other atheists (chaps. , , , ). 
 Evolution is not the problem. As Theodosius
 Dobzhansky (–) argues, “Does the evolu-
tionary doctrine clash with religious faith? It does
 not. It is a blunder to mistake the Holy Scriptures
 for elementary textbooks of astronomy, geology,
 biology, and anthropology. Only if symbols are
 construed to mean what they are not intended to
 mean can there arise imaginary, insoluble
 conflicts.”   Instead, the real threat is what we, fol-
lowing Haarsma and Haarsma, have called evolu-
tionism, or what Hodge called “Darwinism” as in
 “What is Darwinism? It is Atheism.”   This meta-
physically naturalistic worldview rightly should be
 the target of Christian argumentation.
  26 
  Eugenie C. Scott, 
 Evolution vs. Creationism: An Introduction
 (Oakland: University of California Press, ), .
  27 
 Theodosius Dobzhansky, “Nothing in Biology Makes Sense Ex-
cept in the Light of Evolution,”   The American Biology Teacher
  (March ): .
  28 
 Hodge, “What Is Darwinism?,” in Noll and Livingstone,   What
 Is Darwinism?, . The term   Darwinism   was originally coined
 by Thomas Henry Huxley, “The Origin of Species,”   Westminster
 Review   n.s.  (): , as a synonym for Darwin's scientific
 theory of evolution. But by  Huxley had redefined Darwin-
ism as a rejection of teleology: “Far from imagining that cats
 exist in order to catch mice well, Darwinism supposes that cats
 exist because they catch mice well—mousing being not the end,
 but the condition, of their existence,” in “Criticisms on ‘The
 Origin of Species,'”   Natural History Review   n.s.  (): .
 This redefinition led to the association of Darwinism with athe-
ism and metaphysical naturalism. For a brief history of the term
 Darwinism, see Robert C. Bishop, “Darwinism,” in   Dictionary
 of Christianity and Science: The Definitive Reference for the In-
tersection of Christian Faith and Contemporary Science, ed. Paul
 Copan, Tremper Longman III, Christopher L. Reese, and Mi-
chael G. Strauss (Grand Rapid: Zondervan, ), -.
 Nevertheless, in the desire of Christians to
 argue against evolutionism, we often do not draw
 appropriate distinctions between the theory of
 evolution, which is a scientific theory, and meta-
physical naturalism, which is a philosophical
 worldview. Evolutionism is produced by joining
 metaphysical naturalism to evolutionary theory.
 To be sure, evolutionism is an enemy of the gospel.
 When scientists and others fall into evolutionism,
 it is helpful to point out that they are advocating
 philosophy rather than anything scientific and that
 the philosophy of evolutionism is not justified
 based on scientific arguments. It is a poorly de-
veloped philosophical position. But it is equally the
 case that when we Christians mistake evolutionism
 for evolution,   we should help each other make
 the appropriate distinctions so that our argumen-
tation does not present unnecessary obstacles to
  sharing the gospel. 
 Hence, we have seen that the definition of the
 theory of evolution is still being refined, and the
 form that the theory of evolution takes will affect
 how we think about it in terms of providing a com-
plete scientific explanation. We have seen several
 places where an oversimplification of how the sci-
entific findings are expressed regarding evolu-
tionary processes has led to misunderstandings
 and controversy. Scientific ideas can become con-
strained by the rhetorical or metaphorical terms
 used to describe them. This is seen in Darwin's
 ideas of blending inheritance and pangenesis
 being replaced by the inheritance of discrete genes
 in Mendelian genetics, as well as the concept of the
 gene as a simple discrete unit of inheritance, as in
 Mendelian genetics, being modified by a systems
 approach that focuses more on control of gene ex-
pression. The use of a bifurcating, branching tree
 to describe phylogeny when horizontal gene
 transfer and hybridization can cause branches to
 converge and form more of a web is another ex-
ample of how an idea may be helpful to understand
  29 
 For example, Morris,   Scientific Creationism.
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 a phenomenon, but the idea may also set a di-
rection for further findings and may need to be
 adjusted to better explain unexpected new discov-
eries. Hence, while scientific theories can help ar-
ticulate paradigms for thinking about a topic, such
 as the origin of species, paradigms, like windows,
 may also impose some limitations on how we see
 and think about newer findings. Therefore, it is
 important for scientists to incorporate the concept
 of contingency in their ongoing search to better
 understand and explain natural phenomena. Such
 contingency is reflective of the freedom with which
 God created all things (§ ..). Christians likewise
 should make room for contingency in our
 knowledge of the created world given the provi-
sional nature of our knowledge of creation (§ ..).
 Brief Biography: Theodosius Dobzhansky (1900–1975)
 Theodosius Dobzhansky was born in Nemirov, Ukraine, then part of the Russian Empire. He
 studied at the University of Ukraine and in  moved to the United States as a Rockefeller
 Fellow at Columbia University in New York City. Dobzhansky spent the rest of his life in the
 United States. He described himself as a lifelong Christian, believing that was the best frame-
work for understanding salvation and eternal life as well as for forging a synthesis between
 biology and religion. His upbringing was in the Russian Orthodox Church, but Dobzhansky
 seems to have had a broader doctrinal understanding and believed in a broad religious
 ecumenism.a  He argued, “Christianity is basically evolutionistic. It affirms that the meaning of
 history lies in the progression from Creation, through Redemption, to the City of God.”b  For Dobzhansky, the purpose of the
 history of the cosmos was the redemption of the cosmos through the coming of God's kingdom, and he thought of evolu-
tionary progress as a form of divine incarnation.c  Indeed, part of his motivation for studying genetics was due to religious
 convictions. In one of his most famous essays, “Nothing in Biology Makes Sense Except in the Light of Evolution,” he writes:
 Antievolutionists fail to understand how natural selection operates. They fancy that all existing species were
 generated by supernatural fiat a few thousand years ago, pretty much as we find them today. But what is the
 sense   of as many as  or  million species living on earth? If natural selection is the main factor that brings
 evolution about, any number of species is understandable: natural selection does not work according to a fore-
ordained plan, and species are produced not because they are needed for some purpose but simply because
 there is an environmental opportunity and genetic wherewithal to make them possible. Was the Creator in a
 jocular mood when he made   Psilopa petrolei   for California oil-fields and species of   Drosophila   to live exclusively
 on some body-parts of certain land crabs on only certain islands in the Caribbean? The organic diversity be-
comes, however, reasonable and understandable if the Creator has created the living world not by caprice but by
 evolution propelled by natural selection. It is wrong to hold creation and evolution as mutually exclusive alterna-
tives. I am a creationist   and   an evolutionist. Evolution is God's, or Nature's, method of Creation. Creation is not an
 event that happened in    B.C.; it is a process that began some  billion years ago and is still under way.d
 a
 Michael Ruse, “Dobzhansky's Worldview,” in
 The Evolution of Theodosius Dobzhansky: Essays on His Life and Thought in Russia and America, ed. Mark B.
 Adams (Princeton, NJ: Princeton University Press, ), .
 b
  Theodosius Dobzhansky, 
 The Biology of Ultimate Concern
 (New York: New American Library, ), .
 c
 Jitse M. van der Meer,“Theodosius Dobzhansky,”in
 Eminent Lives in Twentieth-Century Science and Religion, ed. Nicolaas A. Rupke, nd rev. ed. (Frankfurt
 am Main: Peter Lang, ), .
 d
 Theodosius Dobzhansky,“Nothing in Biology Makes Sense Except in the Light of Evolution,”The American Biology Teacher    (March ): .
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  HUMAN ORIGINS: 
  GENESIS 2–3 
  THIS CHAPTER COVERS: 
 The relationship of Genesis  to Genesis 
 Adam's formation from dust
 Eve's being built from a rib
  Priestly roles 
  Archetypal characters 
 The image of God
 The NT treatment of Adam
 Most readers raised in the church come to Genesis
  with the assumption that it is giving further
 detail about day six in Genesis  (recapitulation).
 But if we could read the Bible with no preconceived
 notions, would we immediately draw that con-
clusion? Our point is that the connection between
 Genesis  and day six is more a matter of tradition
 than it is a matter of text. We want to know, then,
 what claims the Bible   is   making.
 As we search for textual clues about the rela-
tionship between the first origins account (Gen
 :–:) and the second (Gen :-), we should
 acknowledge that interpreters have long noted the
 ill fit between the two. Genesis  describes the or-
igins in a different order (animals after people),
 and it includes so many activities (e.g., forming
 Adam, planting the garden, making animals,
 naming animals, building Eve) that one wonders
 how all of it could be done in one day, if indeed
 Genesis  describes in more detail day six of
 Genesis . In fact, Genesis  never mentions all of
 this happening in one day, nor does it relate the
 events to day six.
  29.1. INTRODUCTORY FORMULA 
 One textual clue about the relationship between
 Genesis  and Genesis  is found in the literary in-
troduction that separates the accounts: “This is the
 account of the heavens and the earth when they
 were created, when the Lord   God made the earth
 and the heavens” (Gen :). The literary formula
 “This is the account of x” occurs ten other times in
 the book of Genesis. It is one of the most obvious
 structural markers in the book. In all the other oc-
currences in Genesis, the “x” is the name of a
 person. The formula introduces either a narrative
 about that person's sons or a genealogy of that per-
son's descendants. In other words, it tells about
 what came after that person, what developed from
 that person, of whom it is “an account.” In Genesis
 : we do not have a person's name, but using the
 same logic we would conclude that the section
 being introduced will talk about what came after
 the creation of the heavens and the earth described
 in Genesis , telling what developed from that. The
 nature of this introductory formula leads us to
 consider the possibility that Genesis  should be
 understood as a sequel to Genesis .
 Supporting evidence for this would come from
 examining the usual relationship between the texts
 on either side of the introductory formula. As can
 be seen from table ., most of the uses of the in- 
troductory formula transition to a sequel account;
 a few, however, do not.
 One example (Gen :) appears to transition
 between parallel genealogies. Yet Genesis :-
 has already returned to Adam again after Genesis
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 :-, so the introduction transitions more nar-
rowly between Adam and his descendants—a
  sequel relationship. 
 Three of the examples of the transitioning intro-
duction (Gen :; :; :) are recursive. In
 each of these the section before the transition
 follows a family line deep into later history. Then
 the introductory formula returns the reader to the
 other son in the family (the more important one)
 to tell his story. In these recursion cases, the intro-
ductory formula does not separate parallel gene-
alogies, like it did in Genesis :, nor does the text
 following the introduction bring the reader back
 into the middle of the previous story to give some
 part of it in more detail. So even though there is
 recursion, there is no recapitulation. The re-
maining six examples introduce sequel accounts—
 so, again, no recapitulation.
 When we return to the use of the introductory
 formula between Genesis  and Genesis , we find
 that there is therefore no precedent by which to
 conclude—as the traditional reading does—that
 the introductory formula in Genesis : is bringing
 the reader back into the middle of the previous ac-
count to give more detail. The formulas elsewhere
 never introduce recapitulation, and, as indicated
 earlier, since the word   toledot   (“account”) points to
 something that develops, it would not work well to
 consider Genesis  a recapitulation,
 and it does not follow the “brother”
 pattern of the recursion examples. So
 it seems the most likely possibility,
 based on the other known examples,
 is that Genesis  is a sequel to Genesis
 . That would mean that Adam and
 Eve could have been among the
 people created in Genesis :-,
 but the relationship between Genesis
  and Genesis  would not be claiming
 that Adam and Eve were the only ref-
erents of Genesis :-. Even if we
 were to consider Adam and Eve as
 among that first group of people,
 Genesis  would not be a more detailed version of
 day six. It would come later (even if close in time).
 As we consider this possible reading of Genesis
 –, we cannot help but notice that it would solve
 some of the long-standing, recalcitrant problems
 we encounter in Genesis . In Genesis : Cain
 complains that, having been driven away from
 God's presence, anyone who finds him will kill him.
 Who are these people that he is afraid of? In
 Genesis : Cain has a wife, and he builds a city.
 Both also suggest that there are other people
 around beyond simply Adam and Eve and Cain.
 However, even though this proposed reading
 offers resolution to these problems, it causes other
 problems. Genesis : says that the man is alone.
 That seems to be a strange comment if Genesis
 :- is intended to indicate other people already
 exist. We would also wonder what is going on in
 the “forming accounts” in Genesis  if many people
 already exist. These issues will be addressed as we
 move through the passage.
  29.2. ARCHETYPAL ROLES: 
  FORMED FROM DUST 
 When readers encounter the narrative of Adam
 being formed from the dust, it is common for them
 to think that the text is recounting Adam's material
 origins, which make him unique from every other
 Table ..   Listing of where the literary formula “This is the account of x”occurs in Genesis.
  Reference 
  Gen 5:1 
  Relation 
  sequel/ 
  parallel 
  Connection 
  Cain → Seth 
  Gen 6:9 
  sequel 
 Pre-Flood condition   →   Noah
  Gen 10:1 
  sequel 
 Noah and sons   →   Table of nations
  Gen 11:10 
  recursive 
 Table of nations   →   Shem's descendants
  Gen 11:27 
  sequel 
 Shem's descendants   →   Terah/Abraham
  Gen 25:12 
  sequel 
  Abraham → Ishmael 
  Gen 25:19 
  recursive 
  Ishmael → Isaac/Jacob 
  Gen 36:1 
  sequel 
 Isaac/Jacob   →   Esau's family
  Gen 36:9 
  sequel 
 Esau's family   →   Esau's line
  Gen 37:2 
  recursive 
 Esau's line   →   Jacob's family
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 human being. Though a casual reading may give
 that impression, we should examine carefully
 whether that is the intention of the text or whether
 Adam is given an archetypal role by the text when
 it describes how he was formed.
 An   archetype   can be defined as one with whom
 all others in his set are identified: he embodies the
 whole. Paul treats Adam as an archetype when he
 indicates that in Adam all sin (Rom :) and in
 Adam all die ( Cor :). Adam is all of us. This
 archetypal role does not preclude Adam being a
 historical individual; it only identifies him as
 more than an individual—an archetype in whom
 all inhere. So we find that Adam can be discussed
 as an individual or as an archetype, for in fact he
 is both. The way we can tell whether the focus in
 the text is on Adam as an individual or as an ar-
chetype is to discern whether what is said of
 Adam is uniquely true of him (as a historical indi-
vidual) or whether it pertains to all humans
  (therefore archetypal). 
 Similarly, and specifically, if we want to under-
stand what the Bible claims about material human
 origins, we have to determine whether the account
 of Adam's forming pertains to him alone or is a
 description of all of us. If it pertains to him alone,
 it would constitute a claim for a distinct material
 origin for him who then becomes the ancestor of
 those of us born subsequently in normal ways.
 We read that “God formed a man from the dust
 of the ground” in Genesis :. What is significant
 about dust being an ingredient when Adam is
 formed? Some have wondered whether this applies
 to chemical composition. But Israelites had no
 knowledge of what we classify as chemistry. More
 commonly, people tend to envision God as a
 craftsman, shaping a human body with dust. But if
 shaping and craftsmanship were the point, one
 would expect the ingredient to be clay, which can
 be shaped, rather than dust, which cannot. So
 neither chemistry nor craftsmanship explains why
  dust is mentioned. 
 The text, however, does offer an explanation
 when in Genesis : we read, “Dust you are and
 to dust you will return.” It seems, then, that the
 biblical author is telling us why Adam is formed
 from dust in the text. The dust pertains to mor-
tality. Some object to this conclusion because they
 infer from Romans : that people were created
 immortal, since Paul says that death entered
 through sin. Paul's statement, however, does not
 inevitably lead to the conclusion that people were
 created immortal. If people had been created im-
mortal, they would have had no need for a tree of
 life in the garden. The tree of life offered an an-
tidote for human mortality. Consequently, when
 people sinned and lost access to the tree of life
 (Gen :), they were doomed to their inherent
 mortality. In that way Paul's statement indicates
 that death came through sin because sin severed
 access to the tree of life (see § .). We were
 created mortal because life is to be found in rela-
tionship with God. Since God planned and desired
 relationship, he intended life for us, life defined as
 being in relationship to him. On our own we
  would experience death. 
 If the significance of dust is mortality, we can
 easily see that this ingredient is archetypal in
 nature, not individual to Adam only. We are all
 mortal. The Bible reflects the universality of mor-
tality in several places. Ecclesiastes : states, “All
 come from dust, and to dust all return.” In  Corin-
thians :-, Paul says that the first man was
 from dust, just as are all earthly people. This idea
 is also expressed in the earliest extrabiblical inter-
pretation of Genesis, in Ben Sira :, a couple of
 centuries before Christ, where the author asserts
 that all people are dust and ashes.
 Perhaps the most important biblical reflection
 on human mortality, however, is Psalm :. The
 psalmist says of God in the context of human frailty
 and mortality, “For he knows how we are formed, he
 remembers that we are dust.” Since the psalmist has
 adopted the vocabulary of Genesis : to describe
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 what is true of all humans, we can see that he un-
derstands Adam as an archetype. According to the
 psalmist, dust is the makeup of all humans, not just
 Adam. Furthermore, the psalmist's assertion that
 we are all formed from dust does not mean he is
 saying we were not born of a woman. Therefore,
 being formed from dust is not about material or-
igins; it is a statement about identity, Adam's and
 ours. This forming account, then, is archetypal and
 more about the identity of all of us than about de-
scribing the material origins of the first human.
 Having made these observations, we should not
 be surprised to find that whenever ingredients are
 mentioned in ANE creation accounts, they offer
 archetypal insight into the identity of humanity.
 There are fewer than a dozen such accounts from
 the ancient world, but nearly all of them describe a
 god using an ingredient to form humankind, in-
cluding the blood of a god, tears, clay, spit, or semen.
 None of these is intended as an account of biological
 origins per se. Rather, each one offers a statement
 about the role or function of humans, their rela-
tionship to the gods, and their relationship to the
 world around them—they concern human iden-
tity.   Also, there are Egyptian reliefs that show a
 creator god forming Pharaoh on the potter's wheel,
 but the god is forming the   identity   of Pharaoh (as
 the archetypal king) in relationship to the god, not
 the material body of Pharaoh (as a human being).
 Even if the reference to dust in Genesis : is
 viewed as archetypal, the description of God
 “forming” Adam leads many readers to think that a
 material process is in view. It is logical for an English
 reader to draw that conclusion. However, examining
 the range of usage of the Hebrew word for “formed”
 here reveals the distinctions between the English
 translation and Hebrew semantics relating to this
 1
 Even today, archetypal identifications of this sort are not foreign
 to us. A second-grader, when asked what mothers are made of,
 said that mothers are made of clouds, angel wings, and string.
 In this illustration, “mother” is archetypal (even though the little
 girl has a real, historical mother), as are the ingredients the little
 girl ascribes to “mother”; they say something about all who
 qualify in the group “mothers.”
 word. A clear example is found in Zechariah :,
 “The Lord, who stretches out the heavens, who lays
 the foundation of the earth, and who forms [ytsr]
 the human spirit within a person.” Here the direct
 object of the verb is the human spirit, which categor-
ically is not material. This demonstrates that
 “forming” need not be a material act. In the forty-
two occurrences of the verb in the Hebrew Bible, it
 is used in a variety of nonmaterial ways:
 •
 God speaks of events that are taking place as
 having been   formed   (NIV “planned”) long
 ago   ( Kings : // Is :; see Is :;
  :; Jer :). 
 •
 When God   forms   the heart, this is not re-
ferring to the blood-pumping organ but to
 the thoughts and inclinations of a person
  (Ps :). 
 •
 God   formed   summer and winter (Ps :).
 •
 A corrupt administration   forms   (NIV
 “brings on”) misery for the people through
 its decrees (Ps :).
 •
 Our days are   formed   (NIV “ordained”) by
  God (Ps :). 
 •
 Israel is   formed   by God (Is :, ; :, ,
 ; :; Jer :; :)—that is, given an
 identity as a people, a nation, not as a ma-
 terial substance. 
 •
 God   forms   light and creates darkness (Is :).
 •
 God's servant is   formed   in the womb (Is :;
 see Jer :), though he is born through a
  normal human process. 
 •
 God   forms   (NIV “prepares”) a swarm of lo-
custs (Amos :); he causes them to act ac-
cording to his purpose. He does not create
 brand-new locusts to be agents of judgment.
 2
 Three times in Gen , once in narrative ( Kings :), seven
 times in Psalms, the remaining thirty-one in the Prophets (six-
teen times in Is – alone).
 3
 Think of how our understanding of Gen  would change if we
 read “God planned the human from the dust of the earth.”
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 More than half the occurrences of   ytsr   in their
 context are not material. Many of the occurrences
 listed above communicate how God ordains or de-
crees phenomena, events, destinies, and roles.
 Even the majority of the occurrences not listed
 here could easily be translated “prepare,” “ordain,”
 or “decree.” We see, then, that when the author of
 Genesis says God “formed” (ytsr) Adam, this is not
 inherently supposed to imply that God's material
 creation of Adam is in view.
 A final piece of information that supports this
 approach is that in Genesis : the preposition
 “from” is not represented in Hebrew. It has been
 common for grammarians to assert that the syntac-
tical construction suggests that “dust” should be
 understood as the material used for forming.   It is
 difficult, however, to differentiate material from
 inherent identity in these contexts. Two facts
 suggest that identity rather than material is the
 issue here: () Other passages that we have already
 mentioned indicate that humans   are   dust rather
 than that they are   from   dust. () Zechariah :,
 also mentioned above, gives the information that
 forming humanity pertains to the spirit, not the
 body.   Consequently, even in Genesis : dust is not
 unambiguously presented as a material ingredient.
  29.3. ARCHETYPAL ROLES: RIB 
 When we look at the forming of Eve, we again do
 not want to automatically assume this is an account
 of her material origins. We now are on alert that
 there could possibly be an archetypal focus on
 identity. One of the first things we notice in Genesis
 :- is how Adam describes Eve: “This is now
 bone of my bones and flesh of my flesh” (Gen :).
 Since both bone and flesh are mentioned, we can
 immediately recognize that there is more than a rib
 being used here. Consequently, we need to examine
 4
 B. Waltke and M. O'Connor,
 Introduction to Biblical Hebrew Syn-
tax   (Winona Lake, IN: Eisenbrauns, ), section ..c, p.
 , where a few other examples are given.
 5
 In Hebrew thinking the spirit (ruah) is that which is given by
 God to energize humans.
 the Hebrew noun here, traditionally translated as
 “rib” (sela‘). Our research is hampered, however,
 when we discover that the word is never used else-
where in biblical text to refer to anatomy. The word's
 numerous occurrences are either in directional
 (north   side, south   side) or architectural (one   side   of
 the temple or the other   side   of the temple) contexts.
 In most contexts “side” is the most appropriate
 English translation. That also makes sense of
 Adam's statement about Eve. If God took one of
 Adam's sides, it is logical that Adam would observe
 that she is both his bone and flesh. It is not sur-
prising, then, that the Greek Septuagint (the earliest
 translation of the OT), as well as the Aramaic
 Targums and even the Latin translation by Jerome
 (the Vulgate), choose terms that usually refer to a
 person's side, though they could also be used for a
 rib or the rib cage. Some early rabbinic interpreters
 also argued for “side” instead of “rib.”
 If one of Adam's sides—that is, half of him—is
 taken to make Eve, this is pretty radical surgery.
 We should recognize, though, that an Israelite au-
dience would not think of surgery or an anesthe-
tized sleep. What would an Israelite audience hear
 in this description? To address that we need to
 understand what is meant by “deep sleep.” Among
 the fourteen occurrences of this word in the
 Hebrew Bible, some refer to slumber so deep that
 even imminent danger cannot awaken the person
 in this state (see Saul in  Sam :; Jonah in Jon
 :). In other contexts no danger looms, and the
 deep sleep introduces a visionary state (Abraham
 in Gen :; Daniel in Dan :). Since Adam is
 not in a situation of danger, understanding him as
 being in a visionary state in Genesis : makes
 more sense. In that case, Adam sees a vision of
 himself being cut in half and Eve being built out of
 one of the halves of him. The idea that Adam saw
 a vision of Eve being formed actually appears early
 in church history, in the writings of Tertullian, for
 6
 For example, Samuel son of Nahmani in Bereshit Rabbah in the
 third to fourth century AD.
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 instance.   This interpretation is also reflected in
 both the Greek and the Latin translations (ekstasis
  and sopor, respectively). 
 If Adam is seeing a vision, what Genesis : de-
scribes is not Eve's material origins. The archetypal
 nature of this account is confirmed even in Genesis
 :, where a truth about the identity of all of hu-
manity is concluded based on what transpires in
 Adam's vision. All womankind is built from the side,
 from a half of all mankind. This is true of the human
 race as a whole, not of just individual couples.
 In summary, then, we have seen that because all
 people are formed from dust—in other words, are
 mortal—Genesis : does not describe Adam's
 unique material origins. Furthermore, if Adam
 saw a vision of God building Eve with one of
 Adam's sides, the text is not claiming anything
 about Eve's material origins (neither about Eve in-
dividually nor women archetypally). Rather, the
 text is making a claim about Adam and Eve as ar-
chetypes of all of humanity, revealing ontologically
 what is true about relationships between human
 beings and between God and human beings. No
 claims are being made about the material origins
 of Adam and Eve or, for that matter, any of us.
  29.4. WHAT IS SO IMPORTANT 
  ABOUT ADAM AND EVE? 
 Having proposed that solution, it is now important
 to discern what the significance of the second ac-
count is. If it is not offering a material beginning of
 humanity, then there is no reason to identify Adam
 and Eve with the people on day six. Yet clearly they
 are singled out for special attention.
 We would propose that readers of Genesis are
 being given particular revelation about the nature
 of humanity (ontology) as God has designed it and,
 furthermore, about how Adam and Eve have been
 chosen to be priests in sacred space. We previously
 7
 A. Louth, ed.,   Genesis
 , Ancient Christian Commentary on Scrip-
ture: Old Testament  (Downers Grove, IL: InterVarsity Press,
  ), -. 
 suggested that Genesis  should be read as an ac-
count of how God ordered the world to function as
 sacred space on behalf of humans (chap. ). 
 Genesis , then, elaborates on that idea by showing
 how people are to function in God's sacred space,
 here represented by the Garden of Eden.
 A garden would be a familiar setting for sacred
 space in an ancient worldview. The image of fertile
 waters flowing from the sacred space of a god's
 presence is very common in the iconography of the
 ANE. It is reflected here in the description of rivers
 watering the garden (Gen :-) and in Ezekiel
 's vision of Yahweh's eschatological temple, as
 well as in allusions throughout the Psalms and the
 Prophets. In the ANE gardens were constructed
 adjoining sacred space as evidence of the fertility
 that resulted from the presence of God. These were
 not vegetable gardens or fields of crops; they were
 beautifully landscaped parks. They provided fruit
 that was offered to the god. Kings also built gardens
 adjoining their own palaces, where they would re-
ceive and impress visitors with how the gods fa-
vored them by providing fertility to the land
  through them. 
 In light of this background, we see that the
 Garden of Eden is not simply beautiful green space
 to provide people with food, though it certainly is
 both of those things. The Garden of Eden has an
 even more significant purpose, being sacred space
 that reflects God is dwelling there. In Genesis  we
 learned that God came to dwell in the cosmos,
 turning it into sacred space (chap. ). Here we 
 learn where the center of sacred space will be: the
 Garden of Eden. Yet, even though the Garden of
 Eden fits the ancient world's concept of sacred
 space in some ways, there are also some important
 distinctions. For example, instead of the produce
 of the garden providing food for the resident god,
 the Garden of Eden was planted by God to provide
  food for people. 
 8
 For further discussion, see John H. Walton,   Genesis, NIV Appli-
cation Commentary (Grand Rapids: Zondervan, ), -.
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 Another aspect of the Garden of Eden that is not
 paralleled in other gardens in ancient literature is
 the two special trees in the center of the garden,
 the tree of life and the tree of the knowledge of
 good and evil (= tree of wisdom).   We would find
 many different interpretations throughout history
 as to whether these are literal trees or symbolic/
 figurative trees. At one level we can simply say they
 are whatever the Bible considers them to be (even
 if we cannot decide for certain) because whether
 they are literal or not we know what their signifi-
cance is. The point is that life and wisdom find
 their source in God. Life and wisdom are available
 from God. In his presence one finds life (Deut
 :-), and the fear of the Lord is the beginning
 of wisdom (Prov :; Job :). If God chooses to
 endow fruit trees with the wherewithal to demon-
strate that life and wisdom come from him, we
 cannot say that such a thing is impossible. God
 chose to connect Samson's strength to his hair, but
 his strength ultimately came from God, of course,
 not Samson's hair itself. Whether the trees are
 literal or figurative, the basic point remains: life is
 gained in the presence of God, and wisdom is his
 gift, not something to be taken on one's own.
 When we understand the garden as sacred
 space and see that the presence of God (and all that
 is found in relationship with him) is the main
 point, we begin to comprehend that the account in
 Genesis  is not about human origins. God reveals
 to Adam that he is mortal but then sets up sacred
 space, the garden, where relationship to God can
 give life, the remedy to Adam's mortality. God puts
 Adam into this sacred space, commissioning him
 to serve there. The terms   serve   and   keep   convey
 priestly tasks rather than landscaping or agrarian
 responsibilities.   God chose Adam for this sacred
 role, whether he was chosen from others who ex-
isted at that time or chosen on behalf of the entire
 human race to come. In early interpretation, the
 9
 For an explanation of this equation, see Walton, -.
  10 
 For full discussion, see Walton, -, -.
 book of Jubilees depicts Adam offering incense
 when he leaves Eden, reflecting both an under-
standing that he had a priestly role and that Eden
  was sacred space. 
 Adam's role then should be understood in light
 of the role of the priests in the ancient world. When
 we read the Bible, we often think of priests as ritual
 experts and as those instructing the people in the
 ways of the Lord and the law. That is true, but those
 tasks fit into a larger picture. The main task of the
 priest was the preservation of sacred space. They
 preserved sacred space by
 •
 instructing people regarding what sacred
 space requires of them (e.g., purity stan-
dards for each zone of sacred space, behavior
 appropriate to sacred space) so that its
 sanctity can be maintained;
 •
 offering sacrifices in the appropriate ways, at
 the appropriate times, and with the appro-
priate gifts so that sanctity will be preserved;
 •
 guarding sacred space and the sacred objects
 found therein so that their sanctity is
  preserved; 
 •
 keeping out anything that is not sacred and
 would thus compromise or corrupt the
 sanctity of sacred space; and
 •
 serving as mediators who make the benefits
 of sacred space available to the people
 (thereby extending sacred space), and who
 assure that the people's gifts get to God.
 Sacred space, then, is served by priests, but it
 does not exist for the sake of priests or their service.
 It exists because of the manifest presence of God.
 God does not take up residence in space that is al-
ready designated sacred by the activity of priests;
 it becomes sacred space when and because God
 dwells there. Adam was given access to this sacred
  11 
 See J. VanderKam, “Adam's Incense Offering (Jubilees :),” in
 Meghillot: Studies in the Dead Sea Scrolls V-VI—AFestschrift for
 Devorah Dimant, ed. Moshe Bar-Asher and Emanuel Tov (Jeru-
salem: Bialik Institute, ), *-*.
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 space as a priest to be involved in preserving its
 sanctity. Sacred space is also the center of order
 because order emanates from God. The idea that
 people would “subdue and rule” expects that they
 would have a continuing role as God's vice-regents
 (i.e., in his image; see chap. ) to preserve and 
 extend order under God.   Adam is given access to
 (the tree of) life, but (the tree of) wisdom is
 withheld, presumably because he needs to grow
 and mature under God's mentorship first.
 Adam is given a huge task, and God observes
 that it is not good for the man to be alone. This
 does not suggest that no other people exist, nor
 should we assume that this has to do with lone-
liness versus companionship, or with finding a
 reproduction partner. Those are not the issues in
 the context. Rather, the task is too large for Adam
 to do on his own; he needs an ally. As he named the
 animals, identifying their roles and their nature,
 he found that none of them were suitable as allies
 in the tasks that he was given.
 Therefore, the account of Genesis  shows that
 the woman was not just another creature but was
 like the man—in fact, his other half, sharing his
 essence (ontological equality)—and was therefore
 suitable as his ally. She joined him in the task of
 preserving, protecting, and expanding sacred
 space. It is not unusual in the ancient world for
 women to serve in priestly roles, but in light of this
 passage it seems odd that Israel, where only men
 served as priests, is an exception to that phe-
nomenon—especially if the narrative of Genesis
 were to be understood as being communicated to
 an Israelite audience by an Israelite authority
 figure such as Moses.
  12 
 In the ancient world there is an iconographic motif called the
 “master of animals” that shows a being (god or human) in mas-
tery over a variety of animals, often those considered most un-
tamable. This is a “chaos to order” motif, and Genesis shows its
 own form of it here.
  13 
 For discussion of the role of women in sacred space, see P. Bird,
 “The Place of Women in the Israelite Cultus,” in   Ancient Israelite
 Religion, ed. P. D. Miller, P. D. Hanson, and S. D. MacBride (Phila-
delphia: Fortress, ), -, especially the summary on -.
 Priestesses in the ancient world were some-
times involved in administrating sacred space, but
 the known examples of women in these roles are
 mostly in the late third and early second millennia
 BC.   In the Bible we do find women serving in
 sacred space (Ex :;  Sam :), but not as
 priestesses, and there are various interpretations
 concerning what their role actually was. As time
 went on in antiquity, sexual or magical roles were
 associated with women serving in sacred space. It
 is possible that as a result of those larger cultural
 changes, women were prohibited from priestly
 duties in Israelite practice to establish a distinction
 between their neighbors and themselves and to
 prevent sexual rituals from occurring in the sacred
 precinct.   Whatever explanation we might offer
 for Israel's lack of female priestesses, still the
 Genesis  account depicts the woman as the ally of
 the man in service in sacred space.
 We previously spoke of Adam and Eve as arche-
typal representatives. Here we find that they are
 also priestly representatives. These two types of
 representation should be distinguished from each
 other, though. In the first their individuality is sub-
merged in their archetypal significance. In the
 second they are individuals serving on behalf of a
 group. However, as a result of having a priestly role,
 their actions have implications for the entire group
  they represent. 
 Now that we have distinguished between the
 people in Genesis  and Adam and Eve in Genesis
 , we need to step back and recall what Genesis 
 says about people. It offers no information about
 how God made them or what mechanisms he used.
  14 
  H. J. Marsman, 
 Women in Ugarit and Israel: Their Social and
 Religious Position in the Context of the Ancient Near East
 (Leiden: Brill, ), -. These roles nearly disappeared
 after the Old Babylonian period (first half of the second millen-
nium BC). The same diminishing of women in priestly roles is
 evident in the same period in Egypt (Middle Kingdom). Schol-
ars propose that in Egypt the role of women priestesses declined
 with the professionalization of the priesthood.
  15 
  Marsman, -. 
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 There is no indication whether it was something
 done immediately or through a long process. The
 only claims the text makes are that God did it and
 that he made human beings in his image.
 The image of God represents a complex theo-
logical concept. It is an intangible gift from God,
 not a neurological or material development that
 could take place apart from him. This same idea is
 present in the ANE, where the image of a god was
 considered to have been born in heaven even
 though it was made on earth. Although we charac-
terize the image of God in chapter thirty-two  as 
 anchored in a special, God-gifted and God-
sustained relationship, at the risk of oversimplifi-
cation we would propose that it should be seen as
 closely related to four important aspects of hu-
manity. The image pertains
 1. to the   role and function   that God has given hu-
manity, found, for instance, in the responsi-
bility to subdue and rule (Gen 1:28);
 2. to the   identity   that he has bequeathed on
 humans (i.e., the image of God is by definition
 not something humans can acquire, as if to
 become “more” human; rather, it is simply
 something we have as human beings as the gift
  of God); 
 3. to the way that we serve as God's   substitutes,
 representing his presence in the world (when
 Assyrian kings made images of themselves to
 be placed in conquered cities or at important
 borders, they were communicating that they
 were in effect continually present in that
  place); and 
 4. to divine-human   relationships.
  16 
 This does not give license to exploit—we are caretakers in God's
 place. The Hebrew verb translated “subdue” (kbsh) refers to
 bringing someone or something under control. The Hebrew
 word translated rule (rdh) differs from the one used in Gen
 :-. It refers essentially to exercising authority that has been
 granted or acknowledged. For more discussion, see Walton,
 Genesis, , for the Hebrew, and -, for some practical
  observations. 
 The image is embodied but it is not physiological or
 anatomical. This relationship is best expressed in
 filial terms,   for just as men and women are made
 in God's image, in Genesis : Adam gives birth to
 Seth “in his own likeness, in his own image.”
 These four aspects of humans as the image of
 God pertain not only to individuals but, even more
 importantly, to the corporate species, to the human
 race. It is essential to affirm that all people are in
 the image of God, regardless of their age, their
 physical ability or inability, their moral behavior,
 their ethnic identity, or their gender. God's image
 is not stronger in some than others; rather, it gives
 us all the dignity of being specially gifted creatures
 of God. Moreover, as God's stewards, we are tasked
 to do his work in the world, to be his assistants in
 the order-bringing process that he has begun.
 While many think that God conferred his image in
 a single moment, if a view is adopted that there was
 a longer process of human origins, what some con-
sider a plausible alternative is that God conferred
 his image over time as well. In either case, there is
 no reason to expect we could identify the image of
 God in the fossil record, in neurological distinc-
tions between human and other creatures, or in the
 capacities that may be unique to humans (chap. ). 
 We have seen that Genesis  offers an account of
 human origins, and in doing so does not offer any
 information that contradicts what the sciences say
 about material origins. The sciences and the Bible,
 therefore, do not have competing claims about
 human material origins. Scientific inquiry cannot
 address God's involvement in the process, while the
 Bible insists that God's role is the most important
 aspect (see part ). Therefore, a biblical view of
 human origins claims most importantly that
 whatever God made us from, he made us to be more
 than what we come   from—we have significance
 beyond the material process by which he made us.
  17 
  C. McDowell, 
 The “Image of God” in Eden: The Creation of Man-
kind in Genesis :–: in Light of the   mis pi pit pi   and   wpt-r
 Rituals of Mesopotamia and Ancient Egypt   (Winona Lake, IN:
  Eisenbrauns, ). 
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 Genesis  does not offer an account of material
 human origins but instead makes statements about
 human identity and the role of two individuals
 serving as priests in sacred space. Therefore,
 reading Genesis  as a sequel to Genesis  is no dif-
ficulty. It does not recapitulate Genesis , telling us
 who the people of Genesis :- were; rather,
 Genesis  moves the narrative further along in
 time to tell of another important juncture. The ar-
guably real people in Genesis  are those who
 succumb to the temptation to be like God and dis-
obediently eat from the fruit of the forbidden tree,
 thereby introducing accountability for sin into the
 human race, of whom they are priestly representa-
tives. They try to be like God by trying to take
 wisdom for themselves, desiring to be the source
 and center of wisdom instead of letting God alone
 have that role. They made that choice on behalf of
 humanity, and so all humanity became accountable
 for their decision. Sin spread like toxic waste pol-
luting the environment, and all were affected by it.
 Consequently, we are all conceived in sin (Ps :).
 Disorder was unleashed on the world; hence, all
 creation groans because the ordering process was
 interrupted. Humans were left to cope with a world
 that continues to feature considerable nonorder
 and that is dominated by sin and disorder. Adam
 and Eve's fall resulted in loss of access to sacred
 space and the life that it provided, so it doomed us
 all to remain in our mortality.
 Going Further: The New Testament and Human Origins
 Brief as the texts may be, what perspective does the NT provide on issues of human origins? We find that the NT refer-
ences to Adam and Eve often treat them as archetypal and always treat them as historical, but the NT too says little
 about human origins in relationship to Adam and Eve.
 Acts :.   When Paul confronts the Athenians on Mars Hill about the “Unknown God,” his main point is that this
 Creator God is noncontingent: everything and everyone owes their existence to him, and he owes his existence to no one
 (Acts :-). Then Paul moves from creation to history, stating, “From one man he made all the nations” (Acts :).
 Clearly Paul is describing God's actions in organizational terms.
 Since Paul refers to the nations (ethnos) rather than all people, we should look in the OT to uncover why he makes
 that connection. Our attention is drawn to Genesis :: “From these [the sons of Noah] the nations [Septuagint:   eth-
nos] spread out over the earth after the flood.” We would conclude, therefore, that Paul in Acts : is possibly talking
 about Noah, not Adam, as forebear of all humanity.a
 Romans :-.   In this text, sin and death are the focus, not biological material origins. Verses such as this give us
 a reason to believe that Adam and Eve were real people, and the very ones through whom sin came into the world. In
  Corinthians further statements are made that indicate death came through a man, and the solution comes through a
 man. But neither of these passages is making any claim regarding material human origins. Nothing is said about Adam
 being the first human being from whom we are all biologically descended.
  Corinthians :.   That Adam is called the “first” man needs to be understood in relation to the designation of
 Christ as the “last” Adam. In that light, the use of   first   is not proof that Paul claims that Adam was the first biological
 human specimen, for indeed Christ was not the last biological human specimen. Paul is talking about the first archetype
 and the last archetype. This is confirmed in the remainder of the passage as Paul goes on to contrast the natural and the
 spiritual. The archetypal element of Adam being from dust is specifically mentioned as a way to describe human nature
 in comparison to the heavenly nature of Christ. Paul makes no claims about genetic relationships of all people to Adam
 or about material origins—only that we share the “dust” nature of the human archetype.
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 In summary, the NT indicates that there was a historical point in time when sin and death became human realities,
 necessitating salvation. Furthermore, it is clear that Adam and Eve were the principal parties, real people in this real
 event in a real past.
 aEven with regard to Noah, this verse makes limited
 claims. The point Paul is making is that in our common
 humanity we all have a thirst for God, and
 indeed, we are   all his   offspring (obviously not a biological/genetic statement). Our commonality does not require a genetic relationship to Noah any
 more than it requires a genetic relationship to God. Therefore, this verse is not a statement about material origins.
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  HUMAN ORIGINS: 
  EVIDENCE FROM PHYSICAL 
  ANTHROPOLOGY 
  THIS CHAPTER COVERS: 
 Historical background to discoveries in
  human origins 
 Taxonomic classification and physical-
behavioral characteristics of primates, apes,
  and humans 
 Descriptions of prehominin and hominin
 species including genera   Australopithecus   and
  Homo 
 Tool industries and cultural advancements of
  hominins 
 Possible evolutionary trends and relation-
ships between hominins based on physical
  anthropology 
 Scientists who study humans include biologists,
 psychologists, sociologists, and anthropologists,
 but we may also include archaeologists and histo-
rians, who study human history. Indeed, all of the
 social sciences are dedicated to understanding
 human engagement in the world at many dif-
ferent levels (individuals, families, cultures, pol-
itics, economics, geography, etc.). Theologians
 also ponder the human condition and the
 meaning of humans having been created in the
 image of God. The scientific study of human or-
igins involves cooperation among all of the
 abovementioned disciplines as well as geology
 with its set of tools, though the relative contribu-
tions from these disciplines have changed over
 time. Generally the scientific study of human or-
igins is referred to as   paleoanthropology.
 Based strictly on skeletal and behavioral char-
acteristics, biologists in the nineteenth century
 understood that chimpanzees were more similar to
 humans than any other animal. Applying selection
 as an explanation for the evolutionary origin of
 species (chap. ), Darwin and his contemporaries 
 speculated on the possible ancestral relationships
 among humans, chimps, and other apes. In 
 the bones of an ancient, human-like creature were
 discovered in the Feldhofer Cave of the Neander
 Valley in Germany. The Neanderthal specimen dif-
fered from modern humans by its low, receding
 forehead, distinct brow ridges, and thicker bones
 throughout.   Other similar discoveries followed
 across Europe, western Asia, and the Levant. The
 creature was classified as   Homo sapiens neander-
thalensis, an earlier and extinct subspecies of the
 same species as humans.   Mindful of the biblical
 account of Adam and Eve, scientists and theolo-
gians referred to ancient creatures, such as the
 Neanderthals, as “pre-adamites.”   Recall that by
 the second half of the nineteenth century, most
 scientists and Bible scholars (including those
 whose theology and faith commitment can be
 1
 Some scientists who examined the skeletons offered that these
 individuals were modern humans who suffered from deforming
  illnesses. 
 2
 Some physical anthropologists classify Neanderthals as a sepa-
rate species,   Homo neanderthalensis. We will address this matter
 later in the chapter.
 3
  David N. Livingstone, 
 Adam's Ancestors: Race, Religion and the
 Politics of Human Origins   (Baltimore: Johns Hopkins University
  Press, ), -. 












[image: ]
  HUMAN ORIGINS: EVIDENCE FROM PHYSICAL ANTHROPOLOGY 
  559 
 considered evangelical) accepted the antiquity of
 creation, that Earth's deep history included many
 “worlds before Adam,” distinguished by different
 landscapes and creatures (chap. ). 
 For the next several decades after the discovery
 of Neanderthals, scientists in the race to find other
 human ancestors focused on Eurasia. Despite Dar-
win's suggestion that humans may have emerged in
 Africa, most scientists ignored the continent in
 their search for what became known more popu-
larly as “missing links” in human origins. Why not
 Africa? Unfortunately, Western scientists of the
 time held cultural and nationalistic prejudices that
 shaped their expectations of where humans origi-
nated. Many of them considered African people to
 represent an inferior race, so it was unimaginable
 to them that modern humans emerged anywhere
 other than Eurasia. This cautionary tale reminds
 us that interpretations of human origins can be
 laden with cultural biases.
 Africa finally became the focus of scientific ex-
peditions to discover early humans, and their an-
cestors, when concentrations of primitive stone
 tools were discovered along the East African Rift
 Valley—crossing Tanzania, Kenya, and Ethiopia—
 especially in the Olduvai Gorge in Tanzania. Exca-
vations by Louis and Mary Leakey, perhaps the
 most famous early paleoanthropologists, began in
 the s and continued into the twenty-first
 century by their son Richard. Their discoveries,
 and the discoveries of many other international
 teams, have yielded a trove of fossil remains of
 hominins, the taxonomic tribe of all creatures con-
sidered by paleoanthropologists to be most closely
 related to modern humans.
 Skeletal morphology continues to provide sig-
nificant physical evidence for evolutionary relation-
ships between hominins, with their timeframes
 calibrated using dating techniques described in
 4
 Martin J. S. Rudwick,
 Worlds Before Adam: The Reconstruction
 of Geohistory in the Age of Reform   (Chicago: University of Chi-
cago Press, ), .
 5
  Rudwick, -. 
  chapter fifteen  (see fig. .). Discoveries of new 
 specimens, sometimes leading to designations of
 new species, easily make headlines and are fre-
quently the subject of documentaries on public
 television and science-themed cable-TV networks.
 In the late twentieth century, comparing chemical
 markers and genetic characters from living pri-
mates—especially apes, chimps, and humans—
 provided further evidence for the evolutionary re-
lationships among these groups. The entire human
 genome (consisting of about three billion bases
 composing about twenty-five thousand protein
 coding genes) was sequenced in . By , the
 entire Neanderthal genome was sequenced from
 genetic material extracted from bone. Genomic in-
formation from a variety of living and extinct hom-
inins now provides the basis for many surprising
 conclusions about human origins and early human
 interbreeding with extinct species of the genus
 Homo (chap. ). 
 This chapter focuses on the material evidence of
 skeletons, tools, and other artifacts found and used
 by paleoanthropologists to interpret the early history
 of humans and other hominins in the fossil record.
 Evidence from molecular biology and genomic
 studies will follow in chapter thirty-one. As in pre- 
vious parts of this book, keep in mind that any pro-
posed evolutionary relationships would be examples
 of the ministerial nature of creation (§ ..) and
 nature's functional integrity (§ ..) as enabled by
 the Spirit and superintended by the Son.
  30.1. TAXONOMIC 
  CLASSIFICATION OF HUMANS 
 Humans are classified progressively as animals,
 chordates, mammals, primates, apes, hominids,
 and hominins. Each of these groupings (and more
 could have been mentioned) emphasize the hier-
archical nature of classification as described by
 Linnaeus (§ ...). And this hierarchical nature
 is also thought to reflect phylogeny (i.e., evolu-
tionary history), so that two species are inferred
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 to share a recent common ancestor if they share a
 lower taxon, such as genus, while they are inferred
 to share a less recent common ancestor if they
 share only a higher taxon, such as family or order
 (chap. ). In table ., you can see the Linnaean 
 categories of classification as well as additional
 categories to further represent the diversity of
 living organisms. This illustrates that the Lin-
naean idea of hierarchical groupings has been
 useful, but the limited number of groups in the
 Linnaean scheme has not been adequate to ac-
count for the diversity we see, thus making the
  subgroupings necessary. 
 The branching hierarchy of taxo-
nomic levels above genus   Homo
 within the superfamily Hominoidea
 is shown in figure .. This super- 
family includes all the living apes
 and humans. Of particular interest
 in this chapter are humans and bi-
pedal fossil primates, such as   Aus-
 tralopithecus and Paranthropus, 
 which are classified in separate
 genera. While species of   Homo
 belong to the subtribe Hominina,
 some scientists assign   Australo-
pithecus   and   Paranthropus   the sub-
tribe Australopithecina. These bi-
pedal forms are generally 
 considered to share the tribe Hominini with   Homo,
 and we can refer to them as hominins. Going up
 one level, hominines would include these as well
 as chimpanzees and bonobos (two species in the
 genus   Pan), while hominids would also include
 gorillas and orangutans. These definitions are
 given so we can refer to specific groups, particu-
larly hominins, using these currently accepted
 terms. Formerly the family Hominidae was con-
sidered to include only the genus   Homo, but now
 it is considered to include several living genera of
 apes as well as fossil hominins. In earlier literature,
 bipedal hominins were referred to as hominids,
 Table ..   Biological classification of   Homo sapiens sapiens.
  Taxonomic Rank 
  Kingdom 
  Name 
  Animalia 
  Common name 
  Animals 
  Phylum 
  Chordata 
  Chordates 
  Class 
  Mammalia 
  Mammals 
  Order 
  Primates 
  Primates 
  Superfamily 
  Hominoidea 
  Hominoids 
  Family 
  Hominidae 
  Hominids 
  Subfamily 
  Homininae 
  Hominines 
  Tribe 
  Hominini 
  Hominins 
  Subtribe 
  Hominina 
  Hominans 
  Genus 
  Homo 
  Species 
  Homo sapiens 
  Subspecies 
  Homo sapiens sapiens 
  Human 
  Hominoidea 
  (hominoids) 
  SUPERFAMILY 
  SUBFAMILY 
  FAMILY 
  Hominidae 
 (hominids)
 Hylobatidae  (gibbons)
  GENUS Pongo 
  (orangutans) 
  Homininae 
 (hominines)
 Ponginae
  TRIBE 
  GENUS Gorilla 
  (gorillas) 
  Hominini 
 (hominins)
 Gorillini
  SUBTRIBE 
  GENUS Pan 
  (chimpanzees) 
  GENUS Homo 
  Hominina 
 (hominans)
 Panina
 Figure ..   Phylogeny of superfamily Hominoidea with subcategories for humans and other prominent living members.
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 and being aware of the change in names is helpful
 to understand how these terms are used presently
 and were used in earlier reports.
  30.2. CHARACTERISTICS OF 
  PRIMATES, APES, AND HUMANS 
 Primates are placental mammals that include
 prosimians (lemurs, lorises, and tarsiers) and
 anthropoids (monkeys, apes, and humans). The
 earliest primate (or primate-like mammal) ap-
pears in the fossil record in the early Paleogene
 Period (– Ma), just after the mass extinction
 at the end of the Cretaceous. Based on frag-
mentary fossil evidence, they appear to have
 been small, squirrel-like animals that lived in
 trees. The first primates were prosimians that di-
versified during the Eocene Epoch (– Ma).
 Anthropoids diversified during the Oligocene
 Epoch (– Ma), probably emerging from a
  genus of prosimians. 
 A number of characteristics distinguish pri-
mates from other animals.
 •
 K-selected.   Primates have fewer offspring
 than other animals, into whom they can
 invest more effort. Populations that are of K-
selected species remain close to the carrying
 capacity of their environment. They are less
 fertile, with long gaps between birth in-
terval, and practice long and intensive pre-
adult care. In contrast, r-selected animals
 produce multiple offspring beyond the car-
rying capacity of their environment without
 long-term care for their young.
 •
 High level of intelligence.   Primates have a
 higher brain-to-body-size ratio than other
  animals. 
 •
 Dietary plasticity and versatility. Primate
 diets are less restricted (omnivorous) than
 other animals, as evident in teeth that are
 less specialized for strictly carnivorous or
  herbivorous diets. 
 •
 Prehensility. Primates have grasping fingers
 with opposable thumbs and grasping toes.
 •
 Brachiators. Many primates can move from
 limb to limb through the forest by arm
  swinging. 
 •
 Enhanced sense of touch.   Primates have
 dermal ridges on the skin of padded digits,
 palms, and soles (i.e., finger and toe prints),
 and nails instead of claws.
 •
 Enhanced vision.   Color perception and bin-
ocular stereovision (increasing depth per-
ception) in primates enables swift maneu-
vering above the ground in trees.
 •
 Reduced smell. With more reliance on vision,
 primate sense of smell is less important.
 •
 Social complexity.   Fundamental social be-
haviors of primates include   vocal communi-
 cation and grooming. 
 Apes are hominoid primates divided into two
 groups that reflect relative body size. The lesser
 apes include gibbons and siamangs, found in
 Southeast Asia. The great apes include gorillas,
 bonobos, and chimpanzees of Africa and orang-
utans of Southeast Asia. Apes are larger than
 monkeys, with bodies that lack tails, have a
 shorter, more stable lower back, and have
 shoulder joints that facilitate arboreal loco-
motion and feeding. Lower molars of hominids
 have five cusps (monkeys have four cusps). Their
 teeth in general are not specialized and are suited
 for an omnivorous diet. Apes exhibit long ges-
tation (period of development prior to birth) fol-
lowed by long-term mother-offspring relation-
ships that may also involve adult males. Apes live
 in communities with lifelong relationships with
  other individuals. 
 Apes are very intelligent animals with large
 brains, but cognitive ability is also a function of the
 complexity of the brain, exhibited by the number of
 folds into the mass of the brain (fig. .). Gorilla 
 cranial capacity   (the term we will use for brain

[image: ]
  562 
  PART SIX: HUMAN ORIGINS 
 volume) ranges from  to  cubic centimeters.
 The cranial capacity of chimpanzees and orang-
utans ranges from  to  cubic centimeters.
 Evidence of enhanced cognitive ability in homi-
noids includes the use of tools and sophisticated
 communication. Apes use sticks and branches to
 extract insects from burrows (termiting), for
 grooming, or to support themselves while wading
 in deep water. Communication is achieved by vo-
calization and a variety of facial expressions, ges-
tures, and postures. Scientists have taught gorillas
 and chimpanzees human sign language, which in
 some cases was imitated by infants in their care.
 Humans are hominoid primates in the
 hominin tribe with cognitive abilities that exceed
 those of all other primates, evidenced by our
 ever-advancing technology, cultural innovations,
 and adaptability to different environments. Av-
erage human cranial capacity is about ,
 cubic centimeters. Humans use a complex
 system of symbols for communication, including
 language and writing. While other animals may
 cooperate in predatory hunting and gather food
 6
 Unless indicated otherwise, all hominidae cranial capacities in
 this chapter are from table . in Russell H. Tuttle,   Apes and
 Human Evolution   (Cambridge, MA: Harvard University Press,
  ), . 
 for their infant offspring, humans uniquely
 practice food sharing by regularly gathering all
 members of the household group for meals to-
gether at the same time.
 Hominoids practice occasional bipedal loco-
motion, but erect posture and bipedal locomotion
 by humans is habitual. This requires special adap-
tations to our muscular and skeletal anatomy, cre-
ating a stable center of balance and ability to move
 by step-by-step striding (fig. .a, a'). The spine 
 connects to the skull through a hole called the   fo-
ramen magnum, which is positioned lower on the
 human skull than in apes and parallel to the
 ground, allowing the head to align with the spine
 in an upright posture (fig. .b, b'). The s-shaped 
 human spine exhibits distinctive lumbar (lower
 column) and thoracic (upper column) curves that
 provide flexibility and keep body weight centered
 above the pelvis. The human pelvis is shorter and
 more bowl shaped than in apes, creating a basin to
 support internal organs and allowing body weight
 to be centered over the pelvis (fig. .c, c'). Below 
 the pelvis, the human leg is longer and angled
 inward (the valgus angle), with a modified knee
 that allows full extension. Toes in the human foot
 are aligned, and other foot bones are configured
 into an arch (fig. .d, d'). 
  Human 
  Chimpanzee 
  Rhesus monkey 
 Figure ..   Comparison of human, chimpanzee, and monkey brains. In comparison, the human brain is larger and has more folds, which is
 related to cognitive function. Mean cranial capacities for each: human , cubic centimeters; chimpanzee  cubic centimeters; rhesus monkey
   cubic centimeters. 
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 The advantages of bipedalism include swift
 movement on the ground and the ability to carry
 food, children, and other objects over long dis-
tances. There are disadvantages. The vertical po-
sition of the human pelvis, with a smaller opening
 for the birth canal, makes childbirth difficult and
 painful. It does not help that human heads are
 larger than other animals in proportion to the rest
 of our bodies to accommodate our larger brains.
 One study showed that labor for first-time human
 mothers lasts on average nine hours.   Labor for
 7
 Leah L. Albers, “The Duration of Labor in Healthy Women,”
 Journal of Perinatology    (): -.
 apes and monkeys lasts less than two hours. Con-
sequently, human babies are born earlier in their
 development than other animals (think of a baby
 calf, who is up and running minutes after birth).
 Adaptations for arboreal life were also sacrificed
  for bipedalism. 
 The human skull, jaw, and teeth configuration
 favors chewing food rather than slicing it. This is
 called   nonhoning chewing. Honing chewing in
 animals involves repetitive shearing action of the
 long, curved canine teeth against premolars in the
 lower jaw that wears down (hones) those teeth.
 Canines in humans are blunt and compare in size
  Human 
  Ape 
 a
  a‘ 
 b
  b‘ 
 c
 d
  c‘ 
  d‘ 
 Figure ..   Characteristics of human and ape locomotion and skeletons. Human bipedal locomotion (a) compared with ape quadrupedal,
 knuckle walking (a'). Foramen magnum (red oval) on the underside of human skull with vertical spine (b) compared with foramen magnum on
 the backside of ape skull with subhorizontal spine (b'). Human pelvis and lower limb construction (c) compared with ape construction (c'). Slender
 human foot with arch and big toe in alignment with smaller toes in humans (d) compared with broad and separated toes in ape foot (d').
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 to other teeth in the jaw without diastema (gaps
 between canines and other teeth), which is evident
  in other hominoids. 
 Paleoanthropologists recognized long ago that
 three important skeletal characteristics to look for
 in fossil hominins would be trends in brain size,
 tooth patterns, and developing bipedalism. Recog-
nition of abundant stone tools in the African Rift
 Valley region preceded the discovery of skeletal
 remains of primitive hominins there by paleoan-
thropologists in the middle of the twentieth
 century. So an important question was and con-
tinues to be relevant: How are these skeletal and
 morphological features related to stone tools, the
 markers of incipient culture among hominins?
  30.3. NEOGENE HOMINOIDS AND 
  AUSTRALOPITH HOMININS 
 The world of the Neogene Period (–. Ma) was
 briefly described in chapter seventeen  in one of the 
 several interludes of Earth history (§ .).
 Shifting lithospheric plates moved continents
 toward their modern positions on the globe during
 the Neogene. Continental collision between India
 and Asia lifted the Himalayas and Tibetan Plateau
 during the preceding Paleogene Period. The co-
lossal mountain belt diverted atmospheric circu-
lation patterns that intensified monsoon rains on
 the southern flanks of the mountains. Enhanced
 chemical weathering of material eroded off the
 mountains had the effect of cooling the atmo-
sphere because greenhouse CO  was removed from
 the atmosphere in the chemical weathering
 process. Continents moving in the western and
 southern hemispheres opened and closed seaways,
 rerouting ocean circulation patterns. After a brief
 period of warm climate during the early Miocene,
 the world entered into a long phase of cooling. Ice
 sheets began to form on Antarctica. Tropical and
 subtropical forests that covered much of Africa
 and Eurasia during the Paleogene were reduced
 and replaced by savannas (broad grasslands)
 during the Neogene. These changes in climate and
 environment correspond with the emergence of
 hominoids. Earliest members of the superfamily
 Hominoidea (hominoids) appeared and diversified
 during the Miocene Epoch (–. Ma). Earliest
 members of the Hominini tribe (hominins) ap-
peared and diversified during the Pliocene Epoch
  (.–. Ma). 
 ... Miocene hominoids.   Hominoid fossils are dis-
tributed in Miocene-age strata across eastern and
 southern Africa, western and southern Europe,
 Saudi Arabia, southern Asia, and China. They rep-
resent a diverse set of large-bodied species, clearly
 more than exist in the modern world. Groupings of
 the Miocene hominoids reflect the development and
 migration of forms spreading out of Africa. The
 most primitive hominoids include genus   Proconsul,
 which in skeletal appearance seems more like a
 monkey but has distinctive hominoid-like teeth.
 Proconsul   and other African hominoids lived be-
tween  and  Ma. European hominoids lived be-
tween  and  Ma, including genus   Dryopithecus.
 Maximum diversity of hominoids was achieved in
 Asia, from Turkey across northern Pakistan and
 India to southern China, between  and  Ma. The
 concave face, broad cheekbones, projecting upper
 jaw, and large central incisors of genus   Sivapithicus
 compare with modern orangutans.
 Some late Miocene fossils probably represent
 the earliest gorillas and hominins. Genus   Sahelan-
thropus, discovered in Chad and dated to  Ma,
 may represent a common ancestor of chimpanzees
 and hominins but at the very least is from the time
 of suspected divergence of hominins from African
 apes.   Orrorin tugenensis   is a possible hominin
 from eastern Africa that lived between . and .
 Ma.   Based on thirteen to twenty bones from five
 8
 Martin Pickford and Brigitte Senut, “‘Millennium Ancestor,' a
 -Million-Year-Old Bipedal Hominid from Kenya: Recent Dis-
coveries Push Back Human Origins by . Million Years,”   South
 African Journal of Science    (): .
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 individuals, paleoanthropologists believe that   Or-
rorin   could walk upright (bipedal). Another
 probable early hominin,   Ardipithecus ramidus,
 emerged during the succeeding Pliocene Epoch,
 about . Ma. A partial female   A. ramidus   skeleton
 with much of the skull, hands, feet, limbs, and
 pelvis was discovered in  in Ethiopia. The ma-
terial was so fragile and took so long to process that
 the discovery wasn't published until , accom-
panied by its own cable-television documentary.
 Fragments of a possible ancestor to   A. ramidus,
 called   Ardipithecus kadabba, were recovered from
 late Miocene strata (. Ma).
 ... Pliocene-Pleistocene preaustralopiths and aus-
tralopiths.   The early hominins that emerged in the
 late Miocene and into the Pliocene (from about
  to . Ma) are called preaustralopiths.   Ardipithecus
 ramidus   is the best-known preaustralopith, with
 over one hundred specimens from many indi-
viduals, including the partial female skeleton de-
scribed above (fig. .). A. ramidus stood some 
  centimeters tall and weighed fifty kilograms (
 ft  in,  lbs). The creature probably resembled a
 modern chimp with more of an upright posture
 and was most certainly bipedal. Cranial capacity
 ranged from  to  cubic centimeters. Strata
 containing the bones also include fossilized wood
 fragments, seeds, animal fossils, and soil (paleosol)
 characteristics of a woodland environment. Tooth
 size, lack of specialization, and enamel thickness is
 consistent with omnivore behavior, with foods in-
cluding plants, meat, and fruit.
 Australopiths represent the next group of
 emerging hominins in Africa, with many dis-
covered species of the genus   Australopithecus   and
 Paranthropus   that lived from . to . Ma. Aus-
tralopith fossils appear to be limited to Africa.
 Their skeletons appear to be adapted for bipedal
 movement. Their large teeth, featuring thickly
 enameled molars, probably allowed them to chew
 9
 Tim D. White et al., “Ardipithecus ramidus   and the Paleobiology
 of Early Hominids,”   Science    (): -;   Discovering Ardi,
 Primary Pictures (), distributed by Discovery Channel.
 tough, fibrous plants. Australopith average cranial
 capacity by species ranged from  to  cubic
 centimeters. All australopith species exhibited sig-
nificant sexual dimorphism (female-male differ-
ences) with respect to body size, with males 
 percent larger than females.   Australopithecus ana-
mensis   (.–. Ma), from east Africa, may rep-
resent an early ancestor of the Australopiths.
 Australopithecus afarensis   (.–. Ma) was
 discovered in Ethiopia in .   One year later, pa-
leoanthropologist Donald Johanson excavated a
 rather complete skeleton (AL -) that came to be
  10 
 Carol Ward, Meave Leakey, and Alan Walker, “The New Homi-
nid Species   Australopithecus anamensis,”   Evolutionary Anthro-
pology    (): -.
  11 
 Donald C. Johanson, Tim D. White, and Yves Coppens, “A New
 Species of the Genus   Australopithecus   (Primates: Hominidae)
 from the Pliocene of Eastern Africa,”   Kirtlandia    (): -.
 Figure ..   ARA-VP-/ skeleton of   Ardipithecus ramidus
 discovered in Miocene sediments in the Afar Rift, Ethiopia.
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 known around the world as Lucy (fig. .). A. afa- 
rensis   was similar in size to modern baboons. Fe-
males averaged  centimeters ( in) tall, weighing
 about twenty-nine kilograms ( lbs). Males av-
eraged  centimeters ( in) tall, weighing about
 forty-two kilograms ( lbs). Its ape-like skull, with
 strong prognathism (elongated jaw creating a pro-
nounced muzzle) and brow ridges, had a cranial
 capacity of  to  cubic centimeters. Curved
 phalanges (long finger bones in the hands) would
 have facilitated tree climbing. Habitual bipedalism
 was confirmed by the discovery of a set of footprints
 preserved in volcanic ash deposits (also containing
 A. afarensis   bones) in Laetoli, Tanzania, excavated
 by Mary Leakey's expedition in  and  (fig. 
  ., right). Tooth size and wear indicate that the 
 creatures ate soft fruits and other plants from their
 woodland habitat. Bones from over three hundred
 individuals of   A. afarensis   have been collected.
 Many more australopith species were dis-
covered in younger Pliocene-Pleistocene strata
 overlying the deposits containing   A. afarensis, re-
flecting the diversification hominins from . to .
 Ma. Three distinctive groups emerge in this time
 period, with many species existing at the same
 time or overlapping in time. The groups include
 successive species of genus   Australopithecus;
 species of a new genus,   Paranthropus; and species
 of another new genus,   Homo.
 Australopithecus africanus   (.–. Ma) was
 discovered in , decades before its older (pos-
sible) ancestor   A. afarensis.   The discovery was a
 juvenile skull, called the “Taung baby.” Since then
 hundreds of bones from dozens of individuals
 have been found at four different sites in South
 Africa.   A. africanus   were efficient bipedal creatures
 with slightly larger body size and cranial capacity
 than earlier australopiths. Their skulls featured a
 flatter profile with delicate cheekbones, and
 rounded, high foreheads with diminished brow
 ridges (fig. .). Tooth wear and fossil plants 
 found in the same strata indicates that   A. africanus
 probably ate fruit, plants and roots, and nuts and
 seeds, along with insects and eggs, similar to a
 modern chimpanzee diet. There is no evidence of
 tool use or stone tool production by   A. africanus.
 Australopithecus sediba   (.–. Ma) was dis-
covered in  by Lee Burger in Malapa Cave,
 South Africa.   The cave contains many complete
 skeletons still being excavated. The species is im-
portant because it features traits that are similar
 to   A. africanus   yet also skull, hand, and teeth
  12 
 Raymond A. Dart, “
 Australopithecus africanus: The Man-Ape of
 South Africa,”   Nature    (): -.
  13 
 Lee R. Berger et al., “Australopithecus sediba: A New Species of
 Homo-Like Australopith from South Africa,”   Science    ():
  -. 
 Going Further: How Many Bones Are Enough?
 Some critics of paleoanthropology research scoff at the small number of bones from fossil individuals used to identify
 distinct species of hominins or to infer behavioral traits. For example, we reported above that   Orrorin tugenensis   was
 identified using thirteen to twenty bones from five individuals collected in eastern Africa, and that species bipedalism
 could be inferred from those bones. There are  bones in human adults. However, because of the bilateral symmetry
 of the human skeleton, a large number of those bones are symmetrically paired. Skull bones, and even just a few verte-
brae, provide valuable clues to cranial capacity and posture. As few as twenty bones would give a significant amount of
 information from which the more complete skeleton, and even behavioral traits, can be inferred. The number of discov-
ered individual fossil specimens is also significant but often underappreciated by critics of paleoanthropology. While
 the overall collection of fossil hominin specimens grows every year, we will report the numbers of specimens for various
 species known at the time of writing.
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 Figure ..   Left: Reconstructed   Australopithecus afarensis   skeleton with highlighted bones of the Lucy specimen, who would have stood about
  centimeters tall (. ft). Right: Laetoli hominin trackway Site S, discovered in , dated at . Ma.
 Figure ..   Skull reconstructions (casts of original fossils) for   Australopithecus afarensis, Australopithecus africanus, and   Paranthropus boisei   (left
  to right). 
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 characteristics that compare with early species of
 genus   Homo. Australopithecines disappear from the
 fossil record after . Ma.
 The other group of australopiths emerged be-
tween . and . Ma. They are called robust aus-
tralopiths because of their distinctive, bulky skull
 with broad cheekbones, large molars, heavy brow
 ridge, pronounced sagittal crest, and average
 cranial capacity of about  cubic centimeters (fig. 
  .). These adaptations supported heavy muscu- 
lature for chewing very tough, fibrous plants. Origi-
nally classified as a species of genus   Australopithecus,
 paleoanthropologists now place them in the genus
 Paranthropus. Two species,   P. boisei   and   P. robustus,
 lived well beyond the last appearance of Australo-
pithecines and certainly coexisted with early
 species of our genus   Homo. Nevertheless, there are
 no modern descendants of   Paranthropus.
  30.4. GENUS HOMO 
  AND THE EMERGENCE 
  OF MODERN HUMANS 
 Discoveries of the earliest species
 of genus   Homo   were made in
 eastern South Africa and the
 eastern branch of the East Af-
rican Rift Valley at Olduvai
 Gorge in Tanzania, East Turkana
 in Kenya, and Hadar in Ethiopia
 (fig. .). Skull fragments and 
 teeth dating to about  Ma re-
covered in the early s ap-
peared to have belonged to a
 hominin with greater cranial
  capacity than australopiths. 
 These scattered fragments were
 found with simple stone tools
 and flakes of rock that were the
 byproduct of tool production.
 Working primarily in the Olduvai
 Gorge, the Leakey team con-
sidered the materials to belong
 to an early species of the   Homo
 genus they named   Homo habilis   (Latin for “able,
 handy, mentally skillful and vigorous”).
 Subsequent   Homo habilis   discoveries revealed
 a creature of body proportions comparable with
 contemporary Australopithecines (i.e., small
 bodies with long arms) but distinguished by
 smaller molars and a larger brain (averaging 
 cm).    H. habilis   hand-bone construction is also
 more advanced and indicates the ability to ma-
nipulate objects for tool production and use. The
 oldest stone tools appear in East Africa around .
 Ma, which is earlier by two hundred thousand
 years than the oldest   H. habilis   discovery. Animal
 bone cut marks and breakage indicates that   H. ha-
bilis   ate meat and bone marrow (almost certainly
 scavenged rather than hunted), but their diet must
  14 
 L. S. B. Leakey, P. V. Tobias, and J. R. Napier, “A New Species of
 the Genus Homo from Olduvai Gorge,”   Nature    (): -.
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 Figure ..   East Africa Rift Valley with locations for early   Homo   discoveries.
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 have also included fruit and some hard plants and
 nuts. Their date range is established in the fossil
 record from . to . Ma (fig. .). 
 Homo rudolfensis   (.–. Ma) lived contempo-
raneously with   H. habilis   but is only known from
 few remains and only one good skull. If the skull is
 representative of the species, it may have had a
 stunning .-cubic-centimeter cranial capacity.
 Some paleoanthropologists classify   H. rudolfensis
 as a late Australopithecine.
 Homo erectus   (. Ma– Ka) lived contempo-
raneously with the late Australopithecines,   H. ha-
bilis, and a few other   Homo   species.   Homo ergaster
 (.–. Ma) may be an early African variety of
 Homo erectus.   H. erectus   is distinctive because this
 creature possessed even greater cranial capacity,
 from  cubic centimeters in earlier fossils to ,
 cubic centimeters in fossils at the end of their date
 range (fig. .). They were larger than contempo- 
raneous hominins, ranging from  to  cm
 (- in) tall and weighing from forty to sixty-
eight kilograms (- lbs) or heavier. Males were
 about  percent larger than females. Body propor-
tions of   H. erectus   were more like modern humans,
 with shorter arms and longer legs than earlier
 hominins. But the overall   H. erectus   skeleton is
 more robust than modern   Homo sapiens, and its
 skull features thick cranial bones with a low sagittal
 ridge (or keel), prominent supraorbital torus (brow
 ridge), and nuchal torus (a bony projection on the
 back of the skull to anchor neck muscles).   Homo
 erectus   first appeared in Africa and migrated to
 western and eastern Europe, China, and Indonesia,
 possibly in a period of less than two hundred
 thousand years. There is no clear reason for the geo-
graphic expansion, but it indicates high intelligence
 with adaptability to very different climate condi-
tions and terrestrial environments. It was probably
 the first hominin to hunt.
 Homo erectus   is well represented by hundreds of
 specimens, including nearly complete skeletons. In
  Eugène Dubois discovered a unique upper
 cranium (skull cap) fragment in Indonesia. He des-
ignated a new species,   Pithecanthropus erectus, that
 was also known as Java Man. Subsequent discov-
eries led to the redesignation of the species as   H.
 erectus. Another famous set of   H. erectus   skulls,
 skeletal bones, and tools was discovered near
 Beijing, China (Zhoukoudian Cave), between 
 and . Otherwise known as Peking Man, these
 remains were studied and described by prominent
 paleoanthropologists before World War II. However,
 the original specimens were lost during an attempt
 to ship them to the US prior to the invasion of
 China by Japanese forces. Casts of the specimens
 were preserved, and more recent discoveries in the
 region have added another forty individuals.
  15 
 The Peking Man remains controversial because some scholars
 have claimed that the specimen was fictitious. In this case, more
 recent discoveries lend credence to the identification of Peking
 Figure ..   Skull reconstructions (casts of original fossils) for   Homo habilis, Homo erectus, and   Homo ergaster   (left to right).
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 One of the more complete skeletons of   H. erectus
 (or   H. ergaster) was discovered in  along the
 Man as   H. erectus. Another infamous specimen is the Piltdown
 Man, discovered in  in a gravel pit in England. The discov-
ery promoted ideas about the European origin of modern hu-
mans, but the specimen was determined to be a hoax con-
structed from a combination of ape and human remains.
 western shore of Lake Turkana, Kenya (fig. .). 
 Known as Nariokaotome Boy, the skeleton be-
longed to a young male (possibly about eight years
 old) who lived . Ma.   He stood  centimeters
 tall ( ft  in) and weighed forty-eight kilograms
 ( lbs). There is evidence of spinal injury and jaw
 disease that may have contributed to his early death.
 Anatomists who have studied the skeleton conclude
 that the growth pattern and rate in   H. erectus
 probably differed from modern humans.
 The cultural record of hominins is divided into
 periods much like the geologic timescale. The pe-
riods delineate intervals of particular cultural devel-
opments, beginning with the first appearance of
 manufactured tools around . Ma. The Paleolithic
 Period (. Ma– Ka) essentially overlaps with the
 geologic Pleistocene Epoch, which is also known as
 the Ice Age. Subdivisions of the Paleolithic Period are
 based on the changing nature of artifacts recovered.
 The Lower Paleolithic Period includes two significant
 tool industries. The most primitive tools were stones
 shaped into simple choppers and hammers by
 breaking one stone against another. The sharp edges
 of stone flakes produced by hammer percussion
 could be used for cutting and scraping.   Homo habilis
 probably produced this simple set of tools that char-
acterize the   Oldowan   industry or assemblage (.–.
 Ma). Later, during the lower part of the Lower Paleo-
lithic, hominins developed more sophisticated tools,
 including hand axes, scrapers, and choppers. Specifi-
cally,   Acheulean   technology involved shaping a stone
 into a useful tool by removing flakes from around the
 stone's core. These   Acheulean   tools (.Ma– Ka)
 may have originated with   H. habilis, but   Homo
 erectus   perfected these tools during their migration
 out of Africa (fig. .). 
 Pleistocene global climate was highly variable
 due to four or five consecutive major expansions
 and contractions of continental ice sheets across
 North America and Greenland—northern Europe
  16 
 Frank Brown et al., “Early Homo Erectus Skeleton from West
 Lake Turkana, Kenya,”   Nature    (): -.
 Figure ..   Nariokaotome Boy skeleton, representing   Homo erectus
  or Homo ergaster. 
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 and Siberia in the northern hemisphere, and Ant-
arctica in the southern hemisphere. The massive
 continental ice sheets and sea ice formed as snow
 accumulated over tens of thousands of years from
 the South Pole to between fifty degrees and sixty
 degrees south latitude, and from the North Pole
 between sixty degrees and forty degrees north
 latitude. Sea level dropped as much as  meters
 below present level during glacial episodes,
 pushing shorelines far out onto continental shelves.
 Ice-sheet advances and sea-level changes opened
 and closed migration routes for hominins. Climate
 change associated with the glacial-interglacial
 cycles also influenced the distribution of habitats
 on the continents, even far from glaciated regions.
 In Africa the arid climate of glacial episodes al-
ternated with humid conditions during interglacial
 episodes. Forests centered in west-central Africa
 expanded, while savannas (grasslands) overtook
 deserts across northern, eastern, and southern
 Africa during interglacials. Hominins, along with
 other animals, were forced to move away from the
 spread of continental ice during the advances but
 were free to migrate northward and westward
 during interglacial episodes. Low sea level produced
 “land bridges” that provided the potential to migrate
 to areas across the tropics and subtropics that were
 isolated during episodes of higher sea level.
 Homo antecessor   is a hominin
 species initially represented by
 bones from six individuals dis-
covered in the Atapuerca Moun-
tains of northern Spain in the
 middle s.   Subsequent discov-
eries in the region constrain their
 occupation to between . Ma and
  Ka. Its skull and teeth share
 traits with   Homo erectus   and later
 Homo   species. Its average cranial
 capacity is , cubic centimeters,
 with an upper range that overlaps
 with the range for   Homo sapiens.
 Butchering patterns on   H. ante-
cessor   bones indicate the practice of cannibalism.
 A new species of   Homo   appeared in Africa
 about  Ka.   Homo heidelbergensis   is slightly
 larger than   H. erectus, with a skull that featured a
 similarly robust brow ridge but smaller, more
 modern teeth and cranial base (fig. .). Its 
 cranial capacity averaged , cubic centimeters
 (range: ,–, cm).    H. heidelbergensis   first
 appeared in Africa and migrated into Europe by
  Ka. Skulls and postcranial bones have been
 recovered from south and east Africa (Zambia,
 Ethiopia), and Western Europe (Spain, Germany,
 Greece, England, France). They produced
 Acheulian stone tools and used long wooden spears
 to hunt large game. The earliest documented ex-
ample of controlled use of fire by hominins is as-
sociated with   H. heidelbergensis   at Gesher Benot
 Ya'aqov in northern Israel.   Habitual use of fire is
 evident by – Ka at many hominin sites. The
 discovery of earliest controlled use of fire in the
  17 
 J. M. Bermúdez de Castro et al., “A Hominid from the Lower
 Pleistocene of Atapuerca, Spain: Possible Ancestor to Neander-
tals and Modern Humans,”   Science    (): -.
  18 
 Palmira Saladié et al., “Intergroup Cannibalism in the Euro-
pean Early Pleistocene: The Range Expansion and Imbalance
 of Power Hypotheses,”   Journal of Human Evolution    ():
  -. 
  19 
 Naama Goren-Inbar et al., “Evidence of Hominin Control of
 Fire at Gesher Benot Ya'aqov, Israel,”   Science    (): -.
 Figure ..   Examples of Oldowan, Acheulean, and Mousterian hand axes (left to right),
 showing progressive sophistication of design and workmanship, manifested in shape and
 numbers of strikes necessary to fashion the tool.
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 Levant indicates that fire technology was not a pre-
requisite for migration of   H. heidelbergensis   out of
 Africa. This species disappears from the fossil
 record at about  Ka.
 Homo neaderthalensis   lived in Europe, the
 Middle East, and central Asia between  and 
 Ka. First discoveries of skulls and skull fragments
 in the middle of the nineteenth century stunned
 scientists, who recognized they belonged to an ex-
tinct species of the human genus, perhaps the
 closest relative to modern humans.   H. neadertha-
lensis   possessed a shorter, stockier body than
 modern humans. Compared to the distinct robust
 brow ridge of earlier hominins, the Neanderthal
 brow ridge arches over the eye sockets. Compared
 to a modern human skull, Neanderthals featured a
 more protruding face with a slight chin and a large
 nasal opening that supported a wide, flat nose for
 humidifying the cold, dry Pleistocene air (fig. 
  .). Their cranial capacity of , to , cubic 
 centimeters actually exceeds that of modern
 humans. In addition to consuming lots of red meat,
 Neanderthals gathered starchy plants for food.
 The larger Neanderthal brain appears to have
 enabled significant technological and cultural ad-
vancements over earlier hominins. Their   Mous-
terian   tool industry, associated with the Middle
  20 
 William King, “The Reputed Fossil Man of the Neanderthal,”
 Quarterly Review of Science    (): -.
 Paleolithic Period, was more advanced, involving
 the ability to create multiple tools from flakes off a
 single stone core (fig. .). Tools included axes, 
 blades, arrow points, awls (for piercing leather),
 and spears. Common Neanderthal bone injuries
 are curiously similar to those of rodeo riders,
 probably from violent interactions with animals
 during hunts and other physical activity.
 Their arrow points were mounted on thrusting
 spears that required them to get close to prey
 (throwing spears did not appear until the Upper
 Paleolithic). Neanderthals not only hunted large
 animals (mostly deer) for meat but also prepared
 animal hides to make clothing and shelter cov-
erings. Symbolic behavior is evident in carved
 figurines and deliberate burials, even including
 flower offerings for the dead.
 Skeletal remains and artifacts from Nean-
derthal sites provide insights into their social be-
havior and culture. A particular male skeleton
 from Shanidar Cave in Iraq appears to have lived
 the typical life expectancy for Neanderthals of
 thirty-five to forty-five years. Its skull features an
 injury that must have blinded his left eye and
 caused brain damage that affected subsequent
 growth of bones on the right side of his body. A
 foot bone also shows evidence of a healed fracture.
  21 
 E. Trinkaus, “Neanderthals, Early Modern Humans, and Rodeo
 Riders,”   Journal of Archaeological Science    (): -.
 Figure ..   Skull reconstructions (casts of original fossils) for   Homo heidelbergensis,   Homo neanderthalensis, and   Homo sapiens   (left to right).
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 His survival to “old age” was very likely due of the
 care of others in his social group. This level of care
 is not evident in earlier hominins. Nonetheless,
 evidence of Neanderthal cannibalism includes in-
dividuals and even groups of individuals whose
 bones were broken and butchered.
 Homo neaderthalensis   survived the harsh con-
ditions of the glacial periods in Europe and central
 Asia (Uzbekistan). As ice sheets advanced
 southward across the region, Neanderthal groups
 must have migrated ahead of them back toward
 the northern and western Mediterranean coast.
 Tabun Cave at Mount Carmel, Israel, contains de-
posits with abundant Mousterian artifacts and a
 female Neanderthal skeleton that overlie deposits
 containing artifacts from the Acheulean tool cul-
tures (fig. .). Evidence of controlled fire in 
 the cave is found in deposits younger than  Ka.
 Homo sapiens, our species, first appeared in
 Africa about  Ka. Skull fragments and tools
 were recovered from the Omo Kibish Formation in
 southern Ethiopia. The deposits containing the
 bones are dated to  ±  Ka using the  Ar/Ar
 radiometric method (chap. ), representing the 
 earliest discovered anatomically modern human
 remains.   Compared with Neanderthal skulls,
 these early   H. sapiens   exhibit less of a projecting
 face, with a vertical forehead; smaller, arching
 brow ridges; and a pronounced chin (fig. .). 
 Average cranial capacity of early   H. sapiens   is about
 , cubic centimeters.   Their bodies were more
 slender than Neanderthals, probably related to the
 hotter African climate, in which dissipating heat
  22 
 Alban Defleur et al., “Neanderthal Cannibalism at Moula-
Guercy, Arde'che, France,”   Science    (): -.
  23 
 Arthur J. Jelinek et al., “New Excavations at the Tabun Cave,
 Mount Carmel, Israel, –: APreliminary Report,”   Paléori-
ent Année    (): -; Arthur J. Jelinek, “The Tabun Cave and
 Paleolithic Man in the Levant,”   Science    (): -.
  24 
 Ian McDougall, Francis H. Brown, and John G. Fleagle, “Strati-
graphic Placement and Age of Modern Humans from Kibish,
 Ethiopia,”   Nature    (): -.
  25 
 Steven R. Leigh, “Cranial Capacity Evolution in Homo erectus
 and Early Homo sapiens,”   American Journal of Physical Anthro-
pology    (): -.
 would be advantageous. Much variation in skeletal
 traits is evident in early human remains from the
 first appearance of   H. sapiens   in Africa and their
 eventual spread across the old world by  Ka.
 Early skeletons retain some features from earlier
 hominins   H. erectus   and   H. heiderberensis   that are
 absent in modern humans.
 Tools at the Omo Kabish site represent Middle
 Stone Age technology that utilized the   prepared
 core   technique.   Multiple tools, such as points and
 scrapers, could be manufactured from flakes
 struck from a single stone core (earlier techniques
 involved forming a single tool directly from a stone
 core). The Middle Stone Age toolkit enabled a va-
riety of tasks from hunting small and large game
 with projected spears and arrows, preparing hides,
 sewing, carving wood, and food preparation.
 The rate at which early   H. sapiens   dispersed
 across the globe is remarkable. By  Ka they mi-
grated out of Africa to the Levant. Thirty or more
 individuals have been recovered from two signif-
icant sites in Israel. Dates from the Skhūl Cave in-
dicate that   H. sapiens   lived contemporaneously
 with Neanderthals occupying the nearby Tabun
 Cave at Mount Carmel.   H. sapiens   reached the
 Indian subcontinent by  Ka, probably following
 a coastal route. By  Ka the migration route split
 north into western China and south into Southeast
 Asia along the chain of Indonesian islands and ar-
riving in Borneo and Australia by  Ka.   H. sapiens
 spread across central and western Europe after 
 Ka. At about the same time, groups were migrating
 into Siberia and along the coasts and islands of the
 northwest Pacific (Korea and Japan).
 Finally, modern   H. sapiens   crossed the Bering
 Strait into North America after about  Ka
 and occupied North and then South America
 between . and  Ka (fig. .). While this 
  26 
 John J. Shea, “The Middle Stone Age Archaeology of the Lower
 Omo Valley Kibish Formation: Excavations, Lithic Assem-
blages, and Inferred Patterns of Early Homo sapiens Behavior,”
 Journal of Human Evolution    (): -.
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 Ted Goebel, Michael R. Waters, and Dennis H. O'Rourke, “The
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 Figure ..   Tabun Cave, Mount Carmel, Israel, contains evidence of successive   Homo erectus   and   Homo neanderthalensis   occupation over  Ka,
 spanning Acheulean to Mousterian tool cultures.
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 scenario of migration routes is supported by ar-
chaeological evidence, it is also based on inde-
pendent lines of evidence from the genetic
 makeup of indigenous populations around the
 world. Genomic analyses reveal that modern
 Asians, Melanesians, and Europeans carry re-
sidual Neanderthal DNA, indicating limited in-
terbreeding. In contrast, modern Africans have
 no residual Neanderthal DNA (see chap. ). 
 The Upper Paleolithic Period marks significant
 advances in human culture, technology, and be-
havior, starting about  Ka. Remains of settle-
ments are larger, with evidence of longer occupa-
tions. The hunter-gatherer lifestyle was practiced
 with more sophisticated stone tools, hunting
 methods, and food preparation that involved co-
operation between individuals in community
 groups. Clothing included intricately sewn hides
 and decorations, such as necklaces of shells and
 animal bones. Goods were exchanged between
 communities over several hundred kilometers,
 suggesting widespread trading networks. Long-
term care seems to have been provided for adults
 who had sustained debilitating injuries or medical
 conditions earlier in their lives. Symbolic ex-
Late Pleistocene Dispersal of Modern Humans in the Americas,”
 Science    (): -.
 pression was displayed in small animal and
 female (Venus) figurines carved in bone or wood
 and cave paintings of large animals drawn with
 powdered, colored minerals (fig. .). Some 
 animals appear to be mythical creatures, sug-
gesting animistic and magic religious beliefs.
 Death was commemorated with intentional burial
 postures, and graves were adorned with symbolic
 figures and goods, another indication of spiritual
 rites and practice. This evidence of abstract
 thought, appearing over a remarkably short
 period of some ten thousand years at the be-
ginning of the Upper Paleolithic, is known as the
 Upper Paleolithic cultural revolution.
 The beginning of the Upper Paleolithic Period
 coincides with the last appearances of Neander-
thals in the fossil record. However, recent discov-
eries reveal that other hominins of the genus
 Homo   existed in isolated locations, even as   Homo
 sapiens   continued their expansion to every con-
tinent. A finger bone from a young female and
 teeth from two adult males were recovered in the
 Denisova Cave in the Siberian Altai Mountains in
  28 
 Ofer Bar-Yosef, “The Upper Paleolithic Revolution,”   Annual
 Review of Anthropology    (): -. For a dissenting view,
 see Sally McBrearty and Alison S. Brooks, “The Revolution That
 Wasn't: A New Interpretation of the Origin of Modern Human
 Behavior,”   Journal of Human Evolution    (): -.
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 Figure ..   Early human migration routes and dates.
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 deposits dated to about  Ka. They are more
 robust than modern human counterparts, sug-
gesting connections to Neanderthals. Genome
 analyses reveal that these Denisovans and Nean-
derthals share a common ancestry and that some
 modern humans possess traces of the Denisovan
  genome (§ ..). 
 Homo floresiensis   is another distinct species dis-
covered on the Island of Flores, east of Java, Indo-
nesia. A nearly complete female skeleton and
 bones and teeth from a number of other indi-
viduals reveal a hominin of very short stature
 (about  m [ in] tall) and small cranial capacity
 ( cm). The popular media (and even some sci-
entists) refer to the diminutive hominins as   hobbits.
 They manufactured and used stone tools, and
 hunted local species of reptiles and the now-ex-
tinct small elephant   Stegodon. Dating of remains
 and deposits indicates they inhabited Flores
 starting from  to  Ka to as recent as  Ka.
 The beginning of the Neolithic Period, about 
 Ka, marks the next advance in human development.
 Starting in the Levant with evidence in excavations
 at Jericho, humans practiced farming and began to
 domesticate animals and crops, including cereals.
 Pottery was manufactured by . Ka. Other sites
 reveal the spread of Neolithic culture and technology
 to Asia Minor, North Africa, and Mesopotamia.
 Later innovations included weaving, use of the
 wheel, early mathematics, writing, and astronomy.
 The Neolithic Period follows the retreat of the last
 continental ice sheets across northern regions of
  29 
 Fernanda Neubauer, “A Brief Overview of the Last  Years of
 Major Late Pleistocene Discoveries in the Old World:   Homo
 floresiensis, Neanderthal, and Denisovan,”   Journal of Anthropol-
ogy   (): -, doi:.//.
 Figure ..   Painting of horse and cow figures attributed to Cro-Magnon artist (ca. , years ago) at Lascaux Cave, southwestern France. This painting
 is a replica of the original, on display at the site after the cave was closed to the public in .
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 Europe, Siberia, and North
  America. Some paleoanthro- 
pologists wonder whether a
 brief cold period about  Ka,
 the Younger Dryas, may have
 motivated humans to practice
 agriculture and develop other
  Neolithic innovations. 
 And, as they say, the rest is
  history. 
  30.5. RANGES AND 
  RELATIONSHIPS 
 We conclude this overview of the
 physical evidence of ancient
 hominins and early humans by
  considering possible evolu- 
tionary relationships that might
 exist between successive and
 overlapping ranges of species.
 These potential relationships are
 speculative because the fossil
 record is incomplete due to the small populations
 of these creatures and the unique geological and
 environmental conditions required to preserve
 their remains (§ .). To be sure, there are more
 specimens of already-described species and more
 new hominin species yet to be discovered to fill in
 the gaps. While skeletal anatomy reveals how traits
 are acquired and lost from one species to the next,
 these trends indicate only common ancestry, not
 direct ancestry. Fortunately, genomic studies are
 providing more definitive information on evolu-
tionary relationships (chap. ). 
 Multiple hominin species coexisted throughout
 most of the past five or more million years (fig. 
  .). Species survived hundreds of thousands of 
 years, with   H.   erectus   seeming to hold the record at
 just over one million years. We have considered
 many progressive developmental trends that are
 evident in the fossil record, such as skeletal traits
 and body size, tool making and artistic expressions,
 all features reflecting the ministerial nature of cre-
ation and nature's functional integrity. Brain size
 provides one quantitative measure of develop-
mental continuity between emerging hominins.
 Cranial capacity increased progressively in suc-
cessive hominoid and hominin species over the
 past  Ma. The cranial capacity of Australopithe-
cines overlaps and extends beyond the range of
 modern chimpanzees. Cranial capacities of suc-
cessive   Homo   species overlap each other in a steady
 increase without punctuations or dramatic shifts.
 Most paleoanthropologists are reluctant to
 make definitive interpretations of direct ancestry
 between species. Attempts on paper involve lots of
 dotted lines of uncertainty (fig. .). It is likely 
 that evolutionary transitions between known
 species remain buried with undiscovered species.
 Possibly, early   Homo   species, including   Homo ha-
bilis, emerged from species of Australopithecines
  30 
 For instance, see Lee R. Berger et al., “Homo naledi, a New Spe-
cies of the Genus   Homo   from the Dinaledi Chamber, South
 Africa,”   eLife   (): e, doi:./eLife., and the
 controversy surrounding these finds and their interpretation.
 Figure ..   Survivorship time ranges for hominins.
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 that were contemporaries of   Australopithecus afri-
canus   or   A. sediba.   It might be logical to interpret
 Homo erectus   as a descendant of   Homo habilis, but
 skeletal traits do not support   Homo erectus   as a
 direct ancestor of   Homo sapiens. Neither are Nean-
derthals the direct ancestors of   H. sapiens,
 although genomic evidence indicates limited
 interbreeding (§ ..). Perhaps closer evolu-
tionary associations existed in the succession of
 Homo antecessor, Homo heidelbergensis, and
 Figure ..   “Highly provisional” hominin phylogeny suggested by paleoanthropologist Ian Tattersall.   Ar, Ardipithecus; Au, Australopithecus; H,
 Homo; K, Kenyanthropus; O, Orrorin; P, Paranthropus; S, Sahelanthropus.
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 Homo neanderthalensis. Some ancestral rela-
tionship between   Homo heidelbergensis   or   Homo
 antecessor   and   Homo sapiens   is possible.
 Another angle on the question of human origins
 involves how   Homo sapiens   emerged from Africa
 to inhabit all other parts of the globe. The   multi-
regional evolution model   holds that archaic popula-
tions of   Homo   distributed in Africa, Asia, and
 Europe independently evolved into Homo sapiens
 by the Late Pleistocene. Archaic   Homo   species
 might have included   H. erectus   and   H. heidelber-
gensis   that had earlier migrated out of Africa. Some
 proponents believe the multiregional model ex-
plains racial distinctions among people in different
 regions of the world. Yet, genomic studies show
 that there are no clear genetic distinctions between
 humans around the world meriting the subdivision
 of   Homo sapiens   into subspecies or races.   More of
 a consensus is building among paleoanthropolo-
gists for the   replacement model, in which anatomi-
cally modern African   Homo sapiens   left Africa and
 replaced all earlier   Homo   populations they encoun-
tered in their migration, including   Homo erectus,
 Neanderthals, Denisovans, and hobbits (see § .).
 Linguistic studies also appear to support the re-
placement model because identifiable connections
 between all known human languages suggests a
 more recent common ancestor to all modern popu-
lations that would not be expected if there were a
  31 
  Tuttle, 
 Apes and Human Evolution, -.
  32 
 Alan R. Templeton, “Human Races: A Genetic and Evolutionary
 Perspective,”   American Anthropologist    (): -. The
 idea of there being separate human races has a very checkered
 past; see Livingstone,   Adam's Ancestors, chaps. -.
 prelanguage dispersion of archaic populations, as
 in the multiregional model.
 Humans may have displaced the older popula-
tions by outcompeting and possibly brutal elimi-
nation. Genomic studies indicate limited hybrid-
ization by interbreeding between humans and
 some of those earlier groups (§ ..).
  30.6. WHICH ONES WERE 
  ADAM AND EVE? 
 Evidence from physical anthropology reveals that
 skeletally or anatomically modern humans have
 occupied the planet for at least two hundred
 thousand years, originating on the African con-
tinent and subsequently migrating to every con-
tinent by about  Ka. Significant advances in
 human culture and technology did not emerge
 until about  Ka in the Levant and Mesopotamia.
 Burial practices indicate some kind of spiritual
 awareness by the earliest   Homo sapiens   but
 probably also by Neanderthals before them. It is
 hard to imagine in the characterization of Adam
 and Eve that the Bible can be describing any
 species other than   Homo sapiens. That said, there
 is much more we are learning about our human
 ancestors from studies of the genomes of ancient
 humans, and the other hominins sharing the
 planet with them, at least until about  Ka. We
 will explore this part of the human story in chapter 
  thirty-one  and then consider all of this in light of 
 the doctrine of creation in chapter thirty-two. 
  33 
  Merritt Ruhlen, 
 On the Origin of Languages: Studies in Linguistic
 Taxonomy   (Stanford, CA: Stanford University Press, ), .



[image: ][image: ]
  31 
  HUMAN ORIGINS: 
  GENOMIC EVIDENCE 
  THIS CHAPTER COVERS: 
 Evidence about human origins from comparing
 chromosomes, genomes, and pseudogenes of
 humans with other primates
 Insights on human origins by tracing human
 ancestry using mitochondrial and Y chromo-
 somal DNA 
 Insights from fossil hominin DNA
 Genetic variation in humans: genetic diversity
  and similarity 
 In the last chapter we saw that the fossil evidence
 indicates that a series of hominin fossils with char-
acteristics intermediate between apes and humans
 could be transitional forms representing an evolu-
tionary progression from a common ancestor. The
 development of bipedalism and greater cranial
 capacity are two trends among many that can be
 seen in the fossils that appear most similar to
 humans. As new fossils have been discovered, par-
ticularly in recent decades, some ideas regarding
 the particular pathway of evolution have been al-
tered to incorporate these new findings. However,
 these newer findings have also strengthened the
 contention that humans arose from other hom-
inins and that the entire process appears to be
 complex and far from completely understood. This
 complexity should not be a surprise, since it is dif-
ficult to trace the course of evolution, and it is even
 more difficult to determine when a particular
 “species” has arrived via the process of evolution.
 Nevertheless, in the current DNA revolution, in
 which we have information from sequencing the
 entire genome (i.e., the entire complement of DNA
 contained in cells) of humans and other primates,
 we can test some of the inferences from the fossil
 record as well as gain some new insights.
 The Human Genome Project was a major inter-
national research initiative started in  to se-
quence the entire . billion base pairs of DNA in
 the human genome. The draft of the genome was
 published in , and the completed genome was
 released in . The technological innovations
 prompted by this project were applied to many or-
ganisms, and the further development of DNA se-
quencing technology has resulted in even quicker
 decoding of genomes, resulting in a rapidly
 growing list of species with sequenced genomes.
 Moreover, we have been able to sequence the ge-
nomes of many more humans to provide a better
 understanding of the diversity within the human
 population. The genomes of organisms contain a
 record of the changes that appear to have occurred
 in the past (as explored in chap. ), and some of 
 this record can be inferred by comparing the se-
quences of DNA from other organisms. Regarding
 human origins, some of that evolutionary history
 has become better understood through comparing
 the sequence of nucleotides in the human genome
 with other genomes, including differences among
 humans, and differences between humans and
 other primates. In this chapter we will survey some
 of what we can discern about human origins from
 this genomic evidence. Keep in mind that all of
 these processes involving genes and genetic
 changes represent the functional integrity of
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 creation (§ ..) and possible means through
 which God has been at work in creation (..).
  31.1. IS THERE EVIDENCE THAT 
  HUMANS AND OTHER ANIMALS 
  SHARE COMMON ANCESTRY? 
 There is no other animal on earth like humans. Yet,
 even in our uniqueness, it is obvious that we also
 share features with animals, vertebrates, mammals,
 and primates, in increasing degree moving from
 general (kingdom Animalia) to more specific
 (order Primates) groupings in the hierarchical
 classification of life. Within the order Primates, it
 has long been recognized that humans are most
 similar to the great apes, with chimpanzees
 showing the greatest similarity, and this is recog-
nized in the classification presented in chapter 
  thirty. Sequencing the DNA of humans and apes 
 has helped reveal the degree of that similarity, just
 as comparisons of DNA sequences have been
 helpful to discern the most likely phylogenetic
 trees as described in chapter twenty-six. 
 In an evolutionary framework, the DNA would
 be passed from generation to generation with
 changes, and so the DNA of the living organisms
 would contain some of the historical record of
 those changes and can be inferred by making com-
parisons with closely related organisms as well as
 among humans. In the case of human origins,
 drawing these kinds of inferences has been facili-
tated by the complete sequencing of the human
 genome, followed by sequencing many individual
 humans representing various ethnic groups around
 the world. The human genome has been compared
 to sequenced genomes of chimpanzees, bonobos,
 gorillas, and orangutans as well as other primates.
 Furthermore, recent advances in DNA technology
 have allowed for the analysis of DNA from some
 fossils of hominins, extending our reach back in
 time to more than  Ka.   New fossil finds may
 1
 Matthias Meyer et al., “Nuclear DNA Sequences from the Middle
 Pleistocene Sima de los Huesos Hominins,”   Nature    (March
 extend that back even further, as shown recently
 with horse fossils; DNA was sequenced from the
 bones of horses reaching back  Ka.
 Thus there is a rich data set from which com-
parisons can be made. In making these compar-
isons it will be important to explore both the differ-
ences and similarities between humans and the
 great apes, especially chimpanzees. To do so we
 will explore comparisons of chromosomes, DNA
 sequences, and pseudogenes. The main objective
 is to explore the evidence regarding whether
 humans and other animals share a common an-
cestry, with a focus on chimpanzees, which are
 regarded as sharing the most recent common an-
cestor among living species of animals.
 ... Comparing chromosomes.   Even before we knew
 the sequence of the genomes of humans, we were
 able to compare the number of chromosomes of
 humans to apes, along with the shape and size of
 each chromosome. Humans have forty-six chromo-
somes in their cells, with twenty-two chromosome
 pairs plus a pair of sex chromosomes, either two X
 chromosomes in females or an X and a Y chro-
mosome in males. The great apes (chimpanzees,
 bonobos, gorillas, and orangutans) have forty-eight
 chromosomes, including sex chromosomes equiv-
alent to those in humans. The difference is not due
 to a loss of a pair of chromosomes, since such an
 occurrence in an organism's cells would almost
 always be fatal. By comparing the lengths of these
 chromosomes and similar staining patterns and
 sequences found, it is apparent that two of the
 chimpanzee chromosomes are very similar to a
 single human chromosome, indicating that there
 was a chromosome fusion in the line leading to
 humans (fig. .). The sequence of DNA in 
 , ): -, report on the most ancient nuclear DNA se-
quences for hominins to date.
 2
 Ludovic Orlando et al., “Recalibrating   Equus   Evolution Using the
 Genome Sequence of an Early Middle Pleistocene Horse,”   Nature
  (July , ): -.
 3
 In fact, after the discovery that two chimpanzee chromosomes
 appear to have fused to make human chromosome , these two
 chimpanzee chromosomes have been labeled chromosomes A
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 human chromosome  also provides evidence for
 this fusion. The ends of chromosomes have special
 sequences known as telomeres, and telomere se-
quences are seen in the site where fusion would
 occur to make this chromosome. This provides a
 reasonable explanation for why telomere sequences
 that are normally at the ends of chromosomes are
 found in the interior part of this chromosome. In
 addition, each chromosome has one   centromere,
 where the chromosome attaches to cellular struc-
tures known as microtubules during nuclear di-
vision to separate and form two separate nuclei in
 two cells. Human chromosome  has one func-
tional centromere as well as another area that has a
 sequence very similar to a centromere but which
 no longer functions as a centromere, and this se-
quence is in the area expected from a fusion of two
 chromosomes similar to those seen in chim-
panzees. In fact, the loss of function of one of the
 centromeres would be a necessary step for a chro-
mosome fusion to continue since having two cen-
tromeres on one chromosome would result in
 errors in nuclear division.
 Moreover, there have been several examples of
 humans who have been found with chromosome
 fusions. In a recent example, a man in China was
 reported to have forty-four chromosomes rather
 than forty-six.   Examining the chromosomes of
 this man, it is apparent that chromosomes  and 
 fused. Based on limited information of this man's
 family, it was most likely that this fusion occurred
 in a great-grandparent, who would have then had
 forty-five chromosomes in the nucleus of each cell.
 This man's parents were first cousins, and they each
 inherited one copy of the fused chromosome, and
 the man inherited one copy of the fused chro-
mosome from each parent. The man is married to
 a woman with a normal set of forty-six chromo-
and B, giving the human chromosome number priority in the
 labeling of the chimpanzee chromosomes.
 4
 Bo Wang et al., “Case Report: Potential Speciation in Humans
 Involving Robertsonian Translocations,”   Biomedical Research   
  (): -. 
 somes, meaning that all of their children would
 inherit one copy of the fused chromosome. These
 children would show a lower degree of reproductive
 success due to the high chance of receiving an ab-
normal set of chromosomes. This man is genetically
 very similar to other humans based on his entire
 genome, but he is somewhat reproductively iso-
lated by having a different number of chromosomes.
 If he were to marry a woman who also had a pair of
 the same fused chromosome, the children born of
 that marriage would all possess both copies of the
 fused chromosome and be able to develop normally,
 just as he has. Such a chromosome fusion is rare.
 The chromosome fusion that is inferred to have oc-
curred in the evolutionary history of humans would
 most likely have occurred in a single individual,
 and it would have taken many generations before
 the entire population of that human or hominin
 contained the fused chromosome.
 Besides the presence of a fused chromosome,
 the order of genes is very similar between human
 and chimpanzee chromosomes. The shared or-
dering of genes along a chromosome is known as
 synteny   (meaning “on the same band”), and
 shared synteny is strong evidence for common
 ancestry, especially in the absence of a functional
 reason for the ordering of these genes in this par-
ticular way. Synteny also assists in detecting areas
 where inversions have occurred. Nine intrachro-
mosomal inversions (as illustrated in fig. .) are 
 observed when comparing human chromosomes
 to those of chimpanzees. The section that has
 been inverted will show the same order of genes
 along the chromosome but in the opposite di-
rection. Inversions can occur if the DNA strand
 breaks at two positions and then the broken pieces
 of DNA are reattached in the inverted position.
 Cells have mechanisms to make and repair such
 breaks in DNA. The relative rarity of such an oc-
currence is indicated by the observation that only
 nine such inversions are found when comparing
 humans and chimpanzees. The combination of
 fossil and genomic evidence indicates the last
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 common ancestor of humans and chimpanzees
 would have lived about six million years ago.
 ... Comparing human and ape genomes.   The pub-
lication of the human genome in  and the
 chimpanzee genome in , as well as subsequent
 genomes published for bonobos, gorillas, and
 orangutans, has allowed scientists to make more
 detailed comparisons of the DNA of these organ-
isms.   The comparison that has drawn the most
 interest is that between humans and chimpanzees
 5
 Chimpanzee Sequencing and Analysis Consortium, “Initial Se-
quence of the Chimpanzee Genome and Comparison with the
 Human Genome,”   Nature    (September , ): -; Aylwyn
 Scally et al., “Insights into Hominid Evolution from the Gorilla
 Genome Sequence,”   Nature    (March , ): -; Kay I.
 Prüfer, “The Bonobo Genome Compared with the Chimpanzee
 and Human Genomes,”   Nature    (June , ): -; Devin
 P. Locke et al., “Comparative and Demographic Analysis of
 Orangutan Genomes,”   Nature    (January , ): -.
 since chimpanzees are inferred to share the nearest
 common ancestry with humans. The most helpful
 comparisons between these genomes would de-
scribe the similarities and differences between
 portions that function to give rise to human and
 chimpanzee characteristics. However, this would
 be a very complex comparison to make, especially
 given the scope of this book. Rather, let's look at
 overall similarity while realizing that such a sim-
plified comparison can still reveal the interesting
 similarities and differences that may be present.
 Even describing the overall similarity will need
 the application of simplifying assumptions. One
 example would be how to deal with the large
 stretches of repetitive DNA in these sequences. In
 repetitive DNA, a similar sequence of DNA is re-
peated a number of times, and the number of
 times a sequence might be present can vary widely,
 1
 2
 3
 4
 5
 6
 7
 8
 9
 10
 11
 12
 13
 14
 15
 16
 17
 18
 19
 20
 21
 22
 X
 Y
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
  HC 
 Figure ..   A side-by-side comparison of human (H) and chimpanzee (C) chromosomes. Regions with shared colors have similar sequences. The
 white regions are either unsequenced or unmatched. Inverted regions are indicated by hatching lines. Note that there are two chimpanzee
 chromosomes arranged head to head next to human chromosome , showing where the inferred fusion would have occurred. Note also the large
 differences between Y chromosomes.
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 especially between species. If one species had a
 ten-base-long repetitive sequence present twenty
 times, and another species had the same sequence
 present ten times, it would be an overestimate to
 say that there were one hundred extra nucleotides
 in the first species when the change would be in-
ferred to have happened by copying the repetitive
 sequence, not by adding individual bases. Such an
 Going Further: Repetitive DNA
 and Transposable Elements in Genomes
 Only . percent of the human genome directly codes for proteins in exons, with another  percent in introns (see “Go-
ing Further: Exons and Introns in Genes” in § .). Most of the human genome is made up of repetitive DNA, which is
 DNA with many copies of the same sequence. Some repetitive DNA is composed of tandem repeats in which a short se-
quence is repeated over and over. A greater amount is repetitive DNA that is interspersed, with the same sequence re-
peated, but not usually adjacent to other copies. Some have referred to repetitive DNA as junk DNA, since it was re-
garded as having no apparent function (see chap. , “Going Further: Coding and Noncoding DNA”). Such a
 characterization is not helpful, since it represents an unsubstantiated conclusion, and fortunately scientists have contin-
ued to explore functional aspects of the various kinds of noncoding DNA in humans. A recent exploration by the ENCODE
 (Encyclopedia of DNAElements) Project showed that  percent of the human genome shows biochemical function.a  In
 the human genome, about  percent of the DNA is made up of interspersed repetitive DNA in the form of transposable
 elements. A similar percentage is found in most other mammals.b  Transposable elements (also called transposons) are
 sequences of DNA that are able to move location in the genome. Some kinds make a duplicate copy and insert it into
 relatively nonspecific locations of the DNA. As these duplications are made, the genome grows larger, and the amount
 of repetitive DNA increases. The most common transposable element in humans is the Alu short interspersed nuclear
 element (SINE), with about one million copies of this three-hundred-base-pair element in the human genome, consti-
tuting about  percent of the genome. When comparing the location of human Alu elements to those found in chim-
panzees, it is found that about seven thousand of the Alu element insertions (less than %) are unique to humans.
 Therefore, these comparisons are consistent with other DNA comparisons regarding the high degree of similarity be-
tween human and chimpanzee genomes.c  Alu elements plus additional SINEs make up a total of  percent of the human
 genome. Additionally, long interspersed nuclear elements (LINEs) make an additional  percent of the human genome.
 Additional types of transposable elements make up the balance of this -percent portion of the genome.
 Besides making the genome larger, the insertion of transposable elements can have a variety of genetic effects.
 Such an insertion can disrupt the function of a gene, and some genetic human diseases are caused by the insertion of a
 transposable element. Others might cause a difference in how genes are expressed. Furthermore, transposable ele-
ments can be the source of genetic innovation, as some exons appear to have resulted from changes made in an inserted
 transposable element.d James Shapiro (see “Going Further: James Shapiro and Natural Genetic Engineering,” in chap. 
  ) considers transposable elements to be a major source of genome restructuring and genetic innovation.e 
 a
 The ENCODEProject Consortium,“An Integrated Encyclopedia of DNAElements in the Human Genome,”Nature    (September , ): -.
 b
 Richard Cordaux and Mark A. Batzer,“The Impact of Retrotransposons on Human Genome Evolution,”Nature Reviews Genetics    (October ): -.
 c
 The Chimpanzee Sequencing and Analysis Consortium,“Initial Sequence of the Chimpanzee Genome and Comparison with the Human Genome,”Nature
  (September ): -.
 d
 Cordaux and Batzer,“Impact of Retrotransposons.”
 e
  James A. Shapiro, 
 Evolution: AView from the st Century
 (Upper Saddle River, NJ: FT Press Science, ).
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 overestimate would not provide a meaningful
 comparison of these species. Besides such tandem
 repeats, there are also many interspersed repetitive
 DNA elements in the genomes of humans and
 other organisms (for more detail, see “Going
 Further: Repetitive DNA and Transposable Ele-
ments in Genomes”). So the comparisons that
 follow are made so as to not overestimate the
 presence or absence of repetitive DNA.
 We can make these comparisons by delineating
 the various kinds of differences that are found.
 First, if we compare the sequences that directly
 code for protein (even though these sequences
 make up only about . percent of the genome in
 humans and chimpanzees, they are particularly
 important in their function), we see a . percent
 similarity between human and chimpanzee ge-
nomes. Remember that these DNA sequences will
 code for amino acids in a protein such that three
 nucleotides in the DNA will encode for one amino
 acid according to the genetic code (chap. ). By 
 deciphering and comparing the proteins that
 would be encoded by this portion of the DNA, it
 was found that  percent of the proteins have
 identical sequences between humans and chim-
panzees, with an average difference of two amino
 acids between proteins of these two species.
 Second, there are about thirty-five million single
 nucleotide differences, corresponding to a .
 percent difference between chimps and humans.
 This number would include the differences in
 coding proteins noted earlier in addition to differ-
ences in noncoding DNA. When adding in five
 million additional insertions or deletions, in which
 one to many nucleotides may be inserted or de-
leted, we have an estimated  to  percent addi-
tional difference between the species. Adding
 these together, there is approximately  to 
 percent similarity between human and chim-
panzee DNA from the forty million changes com-
prising single-nucleotide differences and insertion/
  deletion events. 
 Since the single-nucleotide differences provide
 the simplest basis for estimates, we can use these
 to make additional comparisons. The difference
 between human individuals is typically about .
 percent or less, while the difference from humans
 to chimpanzees is about . percent, from humans
 to gorillas about . percent, and from humans to
 orangutans about . percent. The genome of the
 bonobo, a close relative of the chimpanzee, shows
 the same amount of difference between bonobos
 and humans as between chimpanzees and humans
 (. percent), with . percent difference between
 bonobos and chimpanzees. These observations are
 very consistent with the understanding that
 bonobos and chimps appear to share a common
 ancestor about two million years ago, while both
 appear to share a common ancestor with humans
 about six million years ago.
 In contrast to the high degree of similarity be-
tween human and chimpanzee genomes, there is a
 high degree of difference between humans and
 chimpanzees in terms of structure and function. As
 described in section . regarding the evolution of
 developmental processes (evo-devo), the important
 consideration here is not so much the similarity or
 difference of the genes but how the genes are being
 used to result in development. There appears to be
 more yet to be discovered in the significance of the
 roughly forty million genetic variations between
 humans and chimpanzees. But even when more is
 known about the possible effects of these changes,
 it is likely that we will still find that there is more to
 being human than the sum of our genetic parts (as
 further explored in chap. ). 
 As described in chapter twenty-six, compar- 
isons of DNA sequences are helpful to discern evo-
lutionary relationships. The overall similarity of
 DNA shown in the previous section would result in
 a phylogenetic tree such as that shown in figure 
  .. This figure is also a reminder that according 
 to evolutionary theory, humans did not evolve
 from chimpanzees, as commonly misunderstood,
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 but rather that humans and chimpanzees evolved
 from a common ancestor. Moreover, human or-
igins apparently occurred in Africa, and humans
 appear to share the most common ancestor with
 chimpanzees/bonobos, and next-most recent with
 gorillas, all of which are African apes.
 ... Comparing human and ape pseudogenes.   Be-
sides looking at the overall similarity of DNA, the
 inheritance of pseudogenes provides another way
 to learn about human origins. Pseudogenes are se-
quences of noncoding DNA that appear very similar
 to genes that code for a protein or RNA (see chap. 
  ) but are not expressed through transcription 
 and translation to make the protein product en-
coded by the DNA. The pattern of the occurrence
 of pseudogenes is of particular interest since such
 pseudogenes do not function in the same way as
 genes that are expressed, and thus the evidence re-
garding their origin by common descent is not
 complicated by considering whether shared
 presence is based on functional concerns. It has
 been estimated that there are on the order of twenty
 thousand pseudogenes in the human genome,
 which is just a little less than the approximate
 number of genes estimated to be encoded in the
 human genome. But most of these pseudogenes are
 processed pseudogenes, meaning they are derived
 by the insertion of transcribed RNA that is con-
verted back to DNA, thus having all the coding
 parts of the gene but not having the usual nearby
 parts that enable the gene to be expressed. A
 number of other pseudogenes are duplicated non-
processed pseudogenes, in which either gene dupli-
cation or polyploidy results in duplicate copies of
 the genome (§ .), and a duplicated gene can be
 silenced in function while its copy can persist.
 A more straightforward comparison in terms of
 looking at evidence regarding common ancestry
 can be made by considering unitary pseudogenes,
 in which the gene is present only once in the
 genome but no longer functions, so it is only
 present as a pseudogene. Such unitary pseudo-
genes could be called vestigial genes. Their DNA
 sequences are very similar to functioning genes,
 but mutations caused the gene to lose its function
 as a gene. This is similar in definition to the ves-
tigial structures Darwin observed and used as evi-
dence for common descent (chap. ). It is possible 
 that pseudogenes in general may still function in
 some other way, such as coding for small RNAs that
 are involved in RNA interference. Nevertheless,
 they no longer function as sequences that code for
 and express a particular protein. Let's consider a
 couple of cases involving unitary pseudogenes.
 An example of a unitary pseudogene is the
 GULO   (gulonolactone oxidase) pseudogene found
 in primates. Many mammals have a fully func-
tional   GULO   gene, which encodes a protein that
 functions as an enzyme to make ascorbic acid (vi-
tamin C). However, some mammals, including
 most primates, are unable to make ascorbic acid
 and must obtain it in their diets. Since these an-
imals usually obtain sufficient ascorbic acid from
 their diets, they are able to live without making it.
 The presence of a   GULO   pseudogene indicates that
 the ancestors of these primates probably had a
 functional   GULO   gene. A   GULO   pseudogene is
 also present in guinea pigs and possibly some bats.
 The   GULO   pseudogene in primates is missing
 Figure ..   Phylogenetic relationships of the great apes, as inferred
 from DNA sequence similarity. The same tree would be supported by
 other means of comparison, such as morphological characteristics.
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 seven of twelve exons (expressed segments of a
 gene), while the version found in guinea pigs has
 most of three exons missing (fig. .). The primate 
 type of   GULO   pseudogene is found in tarsiers,
 monkeys, apes, and humans. Basal primates such
 as lemurs, lorises, and pottos, which are con-
sidered to be from an earlier common ancestor
 than other primates, have functional copies of the
 GULO   gene and are able to make their own vitamin
 C. This comparison using a pseudogene is particu-
larly convincing since it is very unlikely to get the
 same kind of pseudogene with specific regions
 missing in these animals by independent means.
 The explanation of origin by common ancestry
 seems to provide the simplest explanation for this
 similarity, an instance of inference to the best ex-
 planation (§ ..). 
 A richer story emerges from examining the
 family of genes that encode olfactory receptors.
 These genes encode different proteins that react
 with various chemicals to give us our sense of
 smell, with our perception of smell depending on
 which particular olfactory receptor is activated.
 There are over one thousand genes for olfactory
 receptors in mammals. In humans about 
 percent of these genes are present as pseudogenes,
 while in mice about  percent are pseudogenes.
 This means that humans are not able to distinguish
 as many different odors as most other mammals,
 such as mice. By comparing a number of genes, it
 is possible to further explore whether the pattern
 of pseudogene presence is consistent with common
 ancestry with other primates.
 One study that looked at fifty of these pseudo-
genes found a nested pattern of pseudogene
 presence that matched what would be expected
 from a phylogenetic tree of these species.   That is,
 the pattern of the presence of these pseudogenes
 matches what would be expected from common
 ancestry. Specifically, fifteen of these genes are
 present as unique pseudogenes in humans and are
 not found as pseudogenes in chimpanzees, gorillas,
 orangutans, or rhesus monkeys. There are another
 four unique pseudogenes in chimpanzees as well as
 three pseudogenes that are found in both humans
 and chimpanzees that are not present in gorillas,
 orangutans, or rhesus monkeys. Similarly, there are
 five unique pseudogenes in gorillas, and another
 three pseudogenes that are in humans, chim-
panzees, and gorillas that are not in orangutans or
 rhesus monkeys. Finally, orangutans exhibit eleven
 unique pseudogenes, and there is one more pseu-
dogene that is shared by humans, chimpanzees,
 gorillas, and orangutans that is not in rhesus
 monkeys. Or, to state it another way, any particular
 pseudogene that was detected in both chimpanzees
 and gorillas was also present in humans. Similarly,
 any particular pseudogene that was detected in
 both gorillas and orangutans was also present in
 both chimps and humans. If humans share the
 common ancestor of chimpanzees and gorillas, or
 of gorillas and orangutans, then this is the pattern
 of pseudogene presence or absence that would be
 predicted from the pattern of common ancestry
 depicted in figure .. This pattern of pseudogenes 
 strengthens the inference of this particular pattern
 of common descent among these primates.
 6
 Yoav Gilad et al., “Human Specific Loss of Olfactory Receptor
 Genes,”   Proceedings of the National Academy of Sciences   
  (): -. 
 Figure ..   GULO   gene and pseudogene in mammals. Rodents, such
 as rats, contain a functioning   GULO   gene with twelve exons. Primates
 and guinea pigs have different kinds of pseudogenes, shown by
 regions of the gene that are missing, along with missing exons. The
 many species of primates, except for the basal primates, share the
 same kind of pseudogene.
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  31.2. TRACING HUMAN ANCESTRY 
  USING GENOMIC DATA 
 Genomic data also allow us to discern additional
 details regarding human ancestry. Since the DNA
 in our genome was passed down from generation
 to generation, with some modifications, we can
 consider several details by exploring the similar-
ities and differences. Most of the DNA of the
 genome is carried on the chromosomes, which
 undergo recombination during meiosis via
 crossing over between pairs of homologous chro-
mosomes (fig. .). Therefore, these chromo- 
somes are of limited usefulness for tracing the in-
heritance of DNA from generation to generation.
 In contrast, DNA found in mitochondria and DNA
 on the Y chromosome found in males does not un-
dergo recombination, so they are passed from gen-
eration to generation with only a few changes from
 Going Further: Exons and Introns in Genes
 The example of the GULO gene and its pseudogenes (fig. .) exhibits the structure of eukaryotic genes in terms of pos- 
sessing exons (expressed sequences) and introns (intervening sequences), as described briefly in “Going Further: Coding
 and Noncoding DNA,” in chapter twenty-six. Exons encode for sequences of amino acids in proteins, while introns are 
 transcribed to make mRNA, and then the introns are removed before the RNA is translated to make proteins. There is
 evidence that breaking up the protein-encoding DNA sequences into these smaller units enables the possibility of gen-
erating a greater amount of genetic variability. Proteins typically have several domains, usually with different functions.
 A domain is typically encoded by a single exon. So the portion of the DNA encoding for a protein's several domains is
 usually present on distinct exons. This provides for variability in several ways. First, it is possible to break and rejoin DNA
 in a variety of ways, including with transposable elements (as shown earlier in this chapter in “Going Further: Repetitive
 DNA and Transposable Elements in Genomes”). In this way, it is possible to combine exons that encode for different
 kinds of protein domains together, providing a way to get new kinds of proteins without having to generate them
  completely de novo. 
 Second, in the transcribed RNA from genes, it is possible to splice out the introns plus some of the exons.a  Thus it
 would be possible to make several kinds of protein from a single gene. For instance, if a gene had twelve exons, as seen in
 the example of   GULO, the transcribed RNA might be processed to splice out only the introns and have all twelve exons
 present. Alternatively, it would be possible to splice out one or more of the exons as well and make a slightly different
 mRNA that would code for a slightly different protein. It is possible that such a protein would not function, and if such a
 loss of function reduced the viability of the organism, then it is probable that an organism with this characteristic would
 not continue to survive or leave offspring. However, if such a protein combination resulted in a better function for the cell,
 then this trait would persist. In this way it is possible for a single gene to encode for more than one kind of protein, and it
 is estimated that about  percent of human genes that have more than one exon show alternative splicing. This also ex-
plains the low number of genes (about ,) found in the human genome compared to the many more kinds of proteins
 that are produced by the human genome. Alternative splicing of RNA using different exons provides for additional func-
tion as well as allowing for added innovation in the expression of the genetic information encoded by the DNA.
 Such variability can be seen as an expression of creation's ministerial nature (§ ..) as enabled by the Spirit to
 produce the incredible variety of creatures (§ ..).
 a
 Douglas L. Black,“Mechanisms of Alternative Pre-Messenger RNASplicing,”Annual Review of Biochemistry    (July ): -.
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 point mutations. Hence, these sources of DNA
 provide some additional information about human
 ancestry. In the absence of recombination, changes
 in the DNA can be attributed to mutations. By
 looking for the largest differences, it is possible to
 infer the age of the most recent common ancestor.
 In addition, the recovery of intact DNA from fossils
 of humans and other hominins has allowed scien-
tists to learn even more about human ancestry.
 ... Matrilineal inheritance of mitochondrial DNA.
 Every human cell (indeed, almost every eukaryotic
 cell) contains mitochondria, and each contains a
 circle of DNA that is inherited from cell to cell
 during cell division (see chap.   for the origin and 
 function of mitochondria). In sexual reproduction,
 the mitochondria of the egg persist in the next gen-
eration, while the mitochondria in the sperm
 almost always do not. Therefore, in human repro-
duction, mitochondria are passed from mothers to
 their children, and only the daughters are able to
 pass their mitochondria to the next generation.
 Mitochondria will continue to be inherited in any
 given family line if daughters are born who then
 give birth to more daughters, generation after gen-
eration. If this line is broken, then that particular
 mitochondrial genome will not be passed on. This
 persistent pattern of maternal inheritance of mito-
chondrial DNA makes it possible to trace human
 origins by exploring patterns of similarity among
 the DNA sequences of mitochondrial DNA. In this
 way it should be possible to trace all of the mito-
chondria present in living humans to one female
 ancestor, referred to as the most recent common
  ancestor (MRCA). 
 The genetic variation that is observed in the
 DNA of mitochondria would arise through muta-
tions since recombination does not occur. Substi-
tution mutations, where one base is substituted for
 another (as in silent, missense, and nonsense mu-
tations, described in fig. .), are particularly 
 useful in this regard. By finding the greatest dif-
ference in sequence between mitochondrial DNA
 sequences, and by determining an average rate of
 these mutations, it is possible to estimate the time
 needed to get the difference observed. Nonetheless,
 the rate of mutation varies depending on position
 in the sequence, so there is a significant amount of
 uncertainty in these estimates, represented as
 large ranges in estimated times reported below.
 Comparisons of mitochondrial DNA can be
 used to observe differences within various human
 populations or differences among members of dif-
ferent populations. In this case, we would want to
 explore differences between diverse populations to
 get the MRCA for humans. While we can trace mi-
tochondrial DNA back to a single female ancestor—
 which some have called mitochondrial Eve—this
 does not provide sufficient evidence to conclude
 that this single female ancestor is the only human
 present or that she was the first human present.
 Rather, additional genetic data, briefly described
 below in section ., indicate that there were
 many humans alive at the time of this mitochon-
drial MRCA, based on the genetic diversity carried
 on the chromosomes. Still, we can learn much
 about human ancestry by exploring the patterns of
 differences in mitochondrial DNA.
 By determining the sequence of mitochondrial
 DNA from people of several ethnicities from dif-
ferent parts of the world, it was found that people
 of central and east African ancestry showed the
 deepest differences in mitochondrial DNA from
 other populations. Thus the mitochondrial MRCA
 is inferred to have come from Africa. This in-
ference is in agreement with the fossil record re-
garding the origin of   Homo sapiens   as being from
 Africa. Assuming that the mitochondrial DNA
 arose from a single female (the MRCA), any vari-
ation that occurs would be inferred to occur
 through the accumulation of mutations, and the
 time of that MRCA could be estimated. The esti-
mates for this date have ranged between  and
  Ka depending on the particular set of data
 used and on the particular method of comparison
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 used. A study published in  gives a date of 
  to  Ka. 
 A more recent approach has incorporated mito-
chondrial DNA sequences obtained from fossil
 Homo sapiens.   This approach is of interest because
 it provides a more direct observation of changes in
 DNA sequence since it used mitochondrial DNA
 sequences that are from fossils that have solid ra-
diocarbon dates, ranging from . to  Ka. The
 whole mitochondrial DNA estimate for the time of
 the MRCA was  Ka, with a  percent confi-
dence interval of  to  Ka, which is consistent
 with the other estimates of the time of the mito-
 chondrial MRCA. 
 If the inference of the most recent common mi-
tochondrial ancestor does not tell us about a first
 and only common ancestor, what does it tell us?
 First, it indicates the origin of humans occurred in
 Africa, providing an independent line of evidence
 that is consistent with the fossil evidence. Second,
 the estimated dates are also consistent with the
 fossil evidence, although, as noted earlier, it would
 be very possible to have an MRCA for mitochon-
drial DNA that occurs later than the first of the
 human species. Third, it also strongly supports the
 notion that modern humans arose in Africa and
 replaced those from earlier migrations out of Africa,
 such as   Homo erectus   and   H. neanderthalensis. But
 the inference of a mitochondrial MRCA is not suf-
ficient to also infer a single female ancestor. We
 would look to additional forms of genetic evidence
 to explore this claim, such as the evidence from
 population genetics described in section ..
 ... Patrilineal inheritance of Y chromosomal DNA.
 Similar to the matrilineal inheritance of mitochon-
drial DNA, Y chromosomes are inherited from
 father to son. Patrilineal inheritance of a particular
 7
 G. David Poznik et al., “Sequencing Y Chromosomes Resolves
 Discrepancy in Time to Common Ancestor of Males Versus Fe-
males,”   Science    (): -.
 8
 Qiaomei Fu et al., “A Revised Timescale for Human Evolution
 Based on Ancient Mitochondrial Genomes,”   Current Biology   
 (April , ): -.
 Y chromosome will continue as long as the line of
 inheritance continues from father to son but will
 be broken if a man has no sons. Unlike other chro-
mosomes, Y chromosomes do not exhibit crossing
 over during meiosis, which would complicate
 using the Y chromosome. These persistent patterns
 help facilitate the use of DNA sequence variation
 on the Y chromosome to trace the inheritance of
 humans back to the MRCA by comparing the DNA
 sequence of Y chromosomes from many indi-
viduals representing various populations of
 humans in the world in a way that is comparable
 to that used for mitochondrial DNA. Moreover, the
 Y chromosome contains much more DNA than
 present in the mitochondrion, so there is more
 usable information for these comparisons.
 Just as the mitochondrial MRCA has been
 dubbed mitochondrial Eve, the MRCA, using Y
 chromosome comparisons, has been called Y chro-
mosomal Adam. Current inferences regarding the
 MRCA for inheritance of the Y chromosome place
 him in Africa in the same broad timeframe as the
 mitochondrial MRCA—that is, at approximately
  to  Ka. Earlier published estimates placed
 the time of the MCRA for the Y chromosome at 
 to  Ka, somewhat earlier than the dates obtained
 using mitochondrial DNA. The use of additional Y
 chromosome sequences and a comparable tech-
nique in a more recent study placed the time of the
 Y chromosomal MRCA at  to  Ka, and the
 mitochondrial MRCA at  to  Ka.
 The ages still have a large amount of uncertainty
 because of variations in mutation rate in different
 positions along the DNA. This is an area of study
 that still needs additional understanding. Never-
theless, continuing to refine the date of the Y chro-
mosomal MRCA has resulted in dates that are
 similar to what was found for the mitochondrial
 MRCA. Furthermore, the geographic origin as
 being from Africa is similar. As well, similar to
 what was found from mitochondrial DNA, the
 9
 Poznik et al., “Sequencing Y Chromosomes.”









[image: ]
  HUMAN ORIGINS: GENOMIC EVIDENCE 
  591 
 inference of the MRCA based on the Y chromosome
 is not sufficient to conclude that there was only one
 male present at that time but only that all (or at
 least most) males inherited their Y chromosome
 from one male ancestor. The amount of genetic
 variation in other parts of the genome found among
 humans is not consistent with having a single
 female and a single male progenitor of humans, as
 will be further explored in section ...
 ... Fossil DNA evidence.   Studies involving DNA
 sequences have not been limited to living spec-
imens. In some cases fossils have been found to
 have DNA that has enough integrity that it can be
 sequenced. Of interest to human origins, we have
 been able to sequence mitochondrial DNA from
 several fossils, and nuclear DNA from fossils of
 Neanderthals and from a new group of hominins
 that have been called the Denisovans.
 Since Neanderthals appear to be the most
 closely related hominin in the fossil record to
 Homo sapiens, the DNA sequences of several Nean-
derthal fossils have been of particular interest. The
 publication of this genome in  revealed that it
 was much more similar to that of humans than that
 of chimpanzees, yet more different than the typical
 . percent difference that is seen within living hu-
mans.   Thus, the DNA evidence is consistent with
 the morphological evidence indicating that Nean-
derthals share a much closer common ancestor
 with humans than with chimpanzees. It also indi-
cates that Neanderthals are different from modern
 humans even though they show many similarities.
 One major question was whether there was any
 evidence indicating that the ancestors to living
 humans interbred with Neanderthals. Even though
 the DNA is very similar, there are enough locations
 in Neanderthal DNA that show distinct patterns
 that this question could be examined. It was found
 that people of Eurasian descent have between  and
  percent of Neanderthal DNA in their genomes,
  10 
 Richard E. Green et al., “A Draft Sequence of the Neanderthal
 Genome,”   Science    (): -.
 while those from sub-Saharan African descent
 have none. The apparent explanation for this
 pattern is that humans who migrated out of Africa
 interbred with Neanderthals before spreading
 across Europe and Asia, while those who stayed in
 Africa did not. This interbreeding must have been
 limited but significant enough that Neanderthal
 DNA occurs in all humans of Eurasian descent.
 More recent fossil genomic evidence supports
 this scenario. In  the study of a DNA sequence
 from a   Homo sapiens   fossil that shows some mor-
phological features more similar to a Neanderthal
 found that the genome from this individual had
 about  to  percent Neanderthal DNA in it.
 Moreover, the stretches of Neanderthal DNA were
 much longer than those found in modern humans.
 Since such segments of DNA would be present on
 the chromosomes as a result of crossing over, which
 occurs at meiosis (fig. .), over many generations 
 of reproduction, recombination would result in
 these segments of DNA becoming progressively
 smaller. The DNA from this -Ka-to--Ka-old
 fossil indicates that hybridization occurred within
 six generations (i.e., its great-great-great-grand-
parent was a Neanderthal), effectively eliminating
 the possibility that the similarity to Neanderthal
 DNA arose as a part of a more ancient origin.
 The hominin fossils found in the Denisova Cave
 in Siberia included a specimen of a finger bone, toe
 bone, and tooth that date to  Ka. While this was
 not sufficient to determine the morphological
 characteristics of this hominin, such as the shape
 of its skull, scientists were able to obtain intact
 DNA from these fossils, and the results were far
 different than would have been expected. By com-
paring the DNA sequence to other species, this
 hominin appears to be more related to but different
 from Neanderthals. This hominin has come to be
 called a Denisovan, since a formal scientific name
  11 
 Qiaomei Fu et al., “An Early Modern Human from Romania
 with a Recent Neanderthal Ancestor,”   Nature    (August ,
  ): -. 
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 has not been assigned to it. When comparing Den-
isovan DNA to the DNA of modern humans, up to
  percent of Denisovan DNA is found in Mela-
nesian people in the islands of Southeast Asia and
 Oceania, in addition to Neanderthal-specific DNA.
 A smaller amount of Denisovan DNA has been
 found in East Asian and Native American people.
 Thus the evidence indicates that some of the
 humans who had interbred with Neanderthals
 later interbred with Denisovans. As described in
 part five, the origin of any species by evolution may
 be a complex phenomenon, and the origin of
 humans does not appear to be an exception.
 One additional detail of interest found from se-
quencing both Neanderthal and Denisovan DNA:
 sequences from both show evidence that the fusion
 to make human chromosome  had already oc-
curred. Having the same number of chromosomes
 would have contributed to the success of inter-
breeding between Denisovans, Neanderthals, and
 the ancestors of modern humans.
 The analysis of DNA from hominin fossils that
 date to  Ka at Sima de los Huesos in Spain indi-
cates that these fossils have mitochondrial DNA
 that is similar to that of Denisovans, while they
 have nuclear DNA that is more similar to that of
 Neanderthals.   The fact that the nuclear DNA se-
quences are more similar to those from other Ne-
anderthal sequences indicates that the differenti-
ation between Neanderthals and Denisovans had
 occurred by this time. The finding of Denisovan
 mitochondrial DNA indicates these two kinds of
 hominins interbred. Since the Denisovan fossils
 were found in Siberia and Denisovan DNA is found
 in people from Oceania and East Asia, both far
 from Spain, additional evidence is needed to un-
derstand how these hominin fossils are related to
 more recent hominins, including people alive today.
 We can hope that these recent findings of DNA
 in fossils of ancient humans and other hominins
  12 
 Meyer et al., “Nuclear DNA Sequences from the Middle Pleisto-
cene Sima de los Huesos Hominins.”
 will be followed by additional findings that can
 provide further insight regarding human origins.
 Already the DNA evidence has shed light on some
 parts of the story of human origins while raising a
 number of new questions. For instance, the finding
 of the Denisovans was unexpected, but the notion
 that such additional complexity may have oc-
curred in the origin of modern humans is not un-
expected. While the evidence for interbreeding
 between humans, Neanderthals, and Denisovans
 appears to be solid, the amount of DNA from that
 interbreeding and the extent of which human pop-
ulations contain DNA from such interbreeding is
 being further analyzed. As the techniques that
 made this advance in sequencing fossil DNA are
 applied to more samples, it is likely that the genetic
 story regarding human origins will become clearer,
 although it may also reveal more complexity.
  31.3. HUMAN POPULATION GENETICS 
 Sometime after completing the human genome
 project, scientists set out to sequence one thousand
 human genomes to learn more about human ge-
netic diversity.   Out of , human genomes,
 representing fourteen diverse populations, these
 scientists found thirty-eight million single nucle-
otide polymorphisms, . million short insertions
 and deletions, and fourteen thousand longer dele-
tions. This evidence illustrates the high degree of
 genetic differences found among humans, sup-
porting the contention that each human indi-
vidual is genetically unique.
 Nonetheless, in the midst of this diversity,
 humans also show a remarkable degree of simi-
larity. The amount of genetic diversity among the
 more than seven billion people living on this planet
 at this time is less than that found in the several
 hundred thousand chimpanzees living now. Not
  13 
  Genomes Project Consortium, “An Integrated Map of Ge-
netic Variation from , Human Genomes,”   Nature    (No-
vember , ): -;  Genomes Project Consortium, “A
 Global Reference for Human Genetic Variation,”   Nature   
 (October , ): -.
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 counting bonobos, which are considered to be a
 separate but similar species to chimpanzees, there
 is enough difference between various groups that
 subspecies of chimpanzees can be recognized. Yet
 there are no distinct subspecies among humans; all
 humans can be classified as   Homo sapiens.
 Moreover, the concept of race is not genetically de-
termined. There is no position among the millions
 of differences among the human genomes that
 have been sequenced that unequivocally line up
 with a particular race. There are probabilistic dif-
ferences in the occurrence of some genetic markers
 in regard to race, but no absolute differences. The
 unity of the human species is firmly supported by
 our understanding of our genetics.
 ... Estimating past human population size.   The
 same genetic data that give us a measure of both
 the diversity and the unity present in modern-day
 humans can also be used to estimate how many
 people lived in the past to give rise to the present
 human population. The key concept is the   effective
 population size, which is basically a theoretical de-
scription of a population's size based on its genetic
 characteristics and can represent the number of
 individuals who gave rise to succeeding genera-
tions. The effective population size will be smaller
 than the census population size (i.e., the actual
 number of people in the population under consid-
eration) since some individuals of the ancestral
 population may have been prevented from repro-
ducing by death or some other factor, so they
 would have no genetic contribution to the popu-
lation that is being characterized. The methods
 used to make these estimates are relatively difficult
 to explain, especially in the scope of this book. A
  14 
 Interestingly, these scientific results are consistent with theo-
logical anthropology: Benjamin B. Warfield, “On the Antiquity
 and the Unity of the Human Race,”   Princeton Theological Re-
view    (January ): -. The question of separate origins for
 different races (polygenism) in the eighteenth and nineteenth
 centuries was a highly political rather than theological issue.
 See David N. Livingstone,   Adam's Ancestors: Race, Religion and
 the Politics of Human Origins   (Baltimore: Johns Hopkins Uni-
 versity Press, ). 
 good summary of two of these estimates has been
 provided by Dennis Venema.
 Overall these methods indicate that the human
 population saw one or more bottleneck events that
 resulted in an effective population size of about ten
 thousand. One of the most recent of these studies
 showed an effective population size of approxi-
mately fifty-seven hundred for humans from
 Africa, indicating a bottleneck at about  Ka, and
 approximately twelve hundred for non-African
 humans in a bottleneck between  and  Ka.
 Hence, rather than a single bottleneck, there may
 have been multiple bottlenecks in separate popula-
tions that may have lived in different periods of
 time. The data used are based on the entire ge-
nomes and not just mitochondrial DNA or Y chro-
mosomes, as explored in sections .. and ...
 These large population sizes provide one reason
 why the genetic diversity found in human genomes
 cannot have originated in a single female and
  single male ancestor. 
 A variety of different population genetic
 methods give a similar estimate of the effective
 population size of about ten thousand for humans.
 That independent methods give a similar result
 provides some additional credibility to this es-
timate (an inference to the best explanation). Nev-
ertheless, it must be remembered that this es-
timate of effective population size may be an
 oversimplification of a more complex reality when
 it comes to human origins. It also must be remem-
bered that the census population size, representing
 the actual minimal ancient human population,
 may have been many times higher than ten
 thousand. While this evidence of one or more
 population bottlenecks in the history of humanity
 may provide a suitable explanation for the relative
  15 
 Dennis Venema, “Genesis and the Genome: Genomics Evidence
 for Human-Ape Common Ancestry and Ancestral Hominid
 Population Sizes,”   Perspectives on Science and Christian Faith   
  (September ): -. 
  16 
 Heng Li and Richard Durbin, “Inference of Human Population
 History from Individual Whole-Genome Sequences,”   Nature
  (July ): -.
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 unity represented by the species   Homo sapiens,
 there is also great evidence of genetic diversity that
 was derived from a human population that may at
 least be in the thousands.
 31.4.   A SCENARIO OF
  HUMAN ORIGINS 
 The overall story of human origins inferred from
 the human genome sheds some light on what is
 inferred from the fossil record. It strongly confirms
 the fossil evidence about humans originating in
 Africa by  Ka. Combining these genomic data
 with information from the fossil record (chap. ) 
 leads to the following scenario.
 Homo erectus   originated in Africa about two
 million years ago and migrated out of Africa into
 Asia. However, it appears that all who lived outside
 Africa died off and did not give rise to modern
 humans. A second migration out of Africa may
 have involved   Homo heidelbergensis   about  Ka
 or   Homo antecessor   even earlier. This species may
 have given rise to Neanderthals and Denisovans
 living in Europe and Asia. Some   Homo sapiens
 appear to have migrated out of Africa about –
 Ka or possibly earlier, with others remaining in
 Africa.   Homo sapiens   migrating out of Africa in-
terbred with Neanderthals in the Near East early in
 this migration, and the population then spread
 throughout Eurasia and into the Americas. Fur-
thermore, interbreeding with Denisovans oc-
curred in a portion of the population that presently
 lives in Asia and Oceania, plus Native Americans.
 The discovery that   Homo erectus   appears to
 have originated in Africa, then spread to Europe
 and Asia, caused anthropologists to consider two
 major models regarding the evolution of   Homo
 sapiens   (as described briefly in § .). The   multi-
regional evolution model   hypothesizes that these
 populations of   Homo erectus   evolved into   Homo
 sapiens   in each region where they lived, with some
 gene flow occurring between the populations
 living in these regions. The   replacement model   is
 based on modern   Homo sapiens   coming out of
 Africa and replacing earlier hominins that may
 have been present in Eurasia. While the fossil evi-
dence seemed to support the replacement model,
 the early evidence regarding the mitochondrial
 MCRA provided more compelling support for the
 replacement model while being incompatible with
 the multiregional evolution model. Yet the more
 recent evidence that there was interbreeding be-
tween   Homo sapiens   and Neanderthals and Den-
isovans indicates a mixed model, in which   Homo
 sapiens   replaced other hominins but with some
 interbreeding. This was an unexpected finding by
 these paleoanthropologists but was strongly sup-
ported by the evidence obtained by examining the
 genomes of these organisms.
 We should be careful to not oversimplify the
 story of human origins. It is possible that there
 were multiple migrations of   Homo sapiens   out of
 Africa or that there were other hominins besides
 Neanderthals and Denisovans that were also
 present who may have contributed to modern
 human populations. Even though it is unlikely that
 we will ever be able to discern the entire story,
 these findings have been both illuminating and
 surprising. The ability to study our own genomes—
 an example of the creation's functional integrity—
 has provided a way to directly explore the genetic
 material that is inherited from generation to gen-
eration, and this chapter has detailed some of the
 key highlights. The ability to find fossils with DNA
 in them and recover them in a way that provides
 additional information has allowed us to explore
 the evidence from ages past. It is likely that con-
tinued findings will help to provide more insight
  regarding our origins. 
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  32 
  BIBLICAL AND 
  THEOLOGICAL PERSPECTIVES 
  ON THE IMAGE OF GOD 
  THIS CHAPTER COVERS: 
 Possible responses to recent evidence
  regarding human origins 
 The doctrine of creation and human origins
 Early Christian views on Adam and Eve
 Different possibilities for a historical Adam
  and Eve 
 The image of God
 The previous two chapters touched directly on
 human origins in ways that other parts of the book
 have not, which may be provocative to some
 readers and stimulating to others. We have seen
 several independent lines of evidence supporting
 the hypothesis of common ancestry among pri-
 mates and humans: 
 •
 fossil evidence over the last six million years
 •
 homologies or anatomical similarities
 •
  biogeographical distribution 
 •
  developmental biology 
 •
  genetics 
 Within genetics there are several independent
 lines of evidence favoring common ancestry. In ad-
dition, contemporary genetic human diversity
 studies are inconsistent with predictions assuming
 all humans descended from a single pair of indi-
viduals. The best interpretation of the current best
 data and models we have indicates that the human
 ancestral population likely was never smaller than
 around ten thousand individuals. Although some
 estimates are as low as five to six thousand, most
 estimates are closer to ten thousand. In other words,
 scientists take the best explanation of the evidence
 (§ ..) to be that the population of   Homo sapiens
 has never been smaller than several thousand.
 Does this evidence prove that humans shared
 a common ancestor with primates? No. As was
 discussed in chapter four, scientific methods 
 aren't designed to prove things; they are designed
 to gather evidence that can be used in inferences
 (§ ..). The inference that humans share
 common ancestry with primates is an abductive
 inference: it is the best explanation scientists cur-
rently have of the totality of the data involving
 humans and primates along with the best theo-
retical framework scientists currently have for
 understanding the diversity of life.
 Such a conclusion about human origins chal-
lenges cherished beliefs and understandings many
 Christians have about Adam and Eve as well as
 who humans are as image bearers of God. This
 chapter addresses how we can respond biblically
 and theologically particularly to the status of
 humans as created in the image of God.
  32.1. SOME POSSIBLE RESPONSES 
 One line of response is to reject these scientific dis-
cussions and inferences. Many Christians do just
 this. They dismiss contemporary scientific results
 as misguided, as shaped to the core by anti-
Christian metaphysical bias. Hence, contemporary
 science needs to be replaced. Rejections of scientific
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 discussions of human origins often are driven by a
 Bible-first approach (§ .). On such views, biblical
 statements are taken to make assessable scientific
 claims that veto “secular science.” Note, however,
 that these kinds of responses presuppose con-
cordism, an approach to interpreting the Scriptures
 that has serious problems (chap.  and §§ .-.). 
 This is not to say that “the science is right so the Bible
 is wrong,” as we so often hear. Rather, it is to say that
 our interpretive approaches need careful attention.
 A second possible response is to unreflectively
 accept scientific discussions and inferences about
 human origins. Uncritical acceptance of contem-
porary scientific results usually reflects a science-
first approach (§ .). The sciences end up being
 privileged over Scripture because God has spoken
 about creation through creation as mediated by
 scientific investigation. Such privileging of the sci-
ences has often resulted in notions of an un-
involved God (deism) or one who is coextensive
 with the universe (e.g., pantheism). Of course, the
 ultimate science-first approach is that of scientism:
 there is no authoritative voice other than the sci-
ences (§ ..). Nevertheless, science-first ap-
proaches also presuppose concordism and hence
 also have substantial flaws.
 A third possible response is to theologically in-
terpret and reflect on scientific discussions and
 inferences about human origins. This line of re-
sponse can take a number of forms, for instance
 seeking to privilege neither Scripture nor the sci-
ences but seeing them as contributing conver-
sation partners about human origins (i.e., as
 partial views; see § ..). The idea is to put our
 best understandings of Scripture mediated by the-
ology in conversation with our best understandings
 of creation mediated by scientific inquiry.
  32.2. THE DOCTRINE OF 
  CREATION AND HUMAN ORIGINS 
 The first two options get much discussion in the
 literature on science and religion, but in this
 chapter we will explore the third option, drawing
 on the doctrine of creation from chapter two. To 
 get started, consider genetic variability. Such vari-
ability in reproduction ministers to creation by
 providing means for organisms to adapt to
 changing environments, to further penetrate eco-
logical niches, or even to enable organisms to
 move into new niches. Hence, this can be viewed
 theologically as a form of creation ministering to
 creation. Moreover, our evolutionary inferences
 are that these variations have been important in
 producing the incredibly wide variety of or-
ganisms we have observed on Earth. Such aston-
ishing creation of variety can be seen as the Spirit's
 creative work through the creatures and processes
 of creation fulfilling the Father's calling of creation
  (e.g., Gen :). 
 If the processes evolutionary biologists study
 are means through which God created human
 beings, this would have come through creation's
 functional integrity (§ .), making evolution pos-
sible. Humans, then, would be the result of God's
 patient action in creation (§ ..), where the
 Spirit enabled and energized creation to take each
 step (each genetic variation is in the hand of the
 Lord, just as the result of the cast of the lot in Prov
 :). The genome of an ancient common an-
cestor plus particular ecological niches and envi-
ronmental changes could have ministered to or
 promoted the development of humans under the
 superintendence of the Son. In section . we
 explained that our being made from dust is pri-
marily a biblical reference to our mortality rather
 than only a comment about our material origins.
 It also indicates that humans are made like every-
thing else in creation (i.e., all of creation is mortal;
 Gen :; Ps :; :-;  Cor :-). All
 of this would be consistent with humans being
 created through similar processes as all other
 creatures under the supervision of the Son and
 the enablement of the Spirit for particular divine
 purposes (e.g., Ps :-).
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  32.3. EARLY CHRISTIAN 
  VIEWS ON ADAM AND EVE 
 Whether common descent occurs and how are sci-
entific questions that turn crucially on the evi-
dence. Whether common descent is consistent
 with or exemplifies the doctrine of creation is a
 separate question that we think can be answered
 affirmatively. If God created humans through pro-
cesses in creation, this implies there would have
 been several humans on Earth at any one time.
 This is what scientists see in the fossil and genetic
 records (chaps.   and ). What then of Adam and 
 Eve? What is their relationship to the rest of hu-
manity? As we described earlier, they certainly had
 archetypal and representative roles, and this is
 consistent with their being historical people (chap. 
  ). The Bible does not require Adam and Eve to be 
 the biological parents of all humans, but perhaps
 only of all those living (e.g. § ..).
 Stepping back, we can see that such ideas are
 not new to Christian thought. Early Christian
 pastor-theologians exhibited a broad range of
 views on how Adam and Eve were related to the
  rest of humanity: 
 •
 as biological parents of all humans
 •
 as biological parents of Jews only
 •
 as spiritual parents of God's people
 •
 as historical representatives but not bio-
logical parents of all humans
 •
 as “figurative” representations of every
  human 
 A full analysis of early Christian thought on
 Adam and Eve is beyond the scope of this book.
 But whereas almost all early Christian writers
 agreed that Adam and Eve were the first humans
 1
 The parallel would be with Abraham as the father of the faithful,
 which includes all Christians throughout history (Rom :-).
 2
 Here the focus is almost exclusively on Adam and Eve as archetypes.
 3
 For a good introduction, see Peter Bouteneff,   Beginnings: Ancient
 Christian Readings of the Biblical Creation Narratives   (Grand Rap-
ids: Baker Academic, ).
 genealogically, many were far less explicit about or
 even concerned with whether Adam and Eve were
 the—to use our modern terms—biological or ge-
netic parents of all humans. The question of
 whether Adam and Eve are the progenitors of all
 humans only became a significant concern much
 later in church history. For instance, Gregory of
 Nyssa (ca. –ca. ) took Adam and Eve to be
 the genealogical beginning of humanity but did
 not focus on whether they were the sole parents of
 humanity. Rather, he focused on the universal
 lessons in the early chapters of Genesis.
 Here we have to keep an important distinction
 in mind. Although modern culture uses geneal-
ogies to trace a line of descent of ancestors in se-
quential order, ancient cultures, such as in the
 ANE, used genealogies to reflect the   relative signifi-
cance   of ancestors, not sequential order. An ex-
ample of this treatment of genealogy is found in
 Matthew's genealogy linking Jesus to Abraham.
 The ancestors are selected so that there are fourteen
 generations between Abraham and David, fourteen
 between David and the Babylonian exile, and
 fourteen between the exile and Jesus. The point of
 Matthew's genealogy is not to trace the sequential
 order of descendants from Abraham to Jesus;
 rather, the genealogy shows the significance of
 Jesus' relationship to Abraham, the father of God's
 people, and Jesus' fulfillment of the Davidic line as
  the Messiah. 
 Biblically, to treat Adam and Eve genealogically
 is to treat them with significance in their role in
 God's blessing at the end of Genesis  rather than
 necessarily making a claim about biological or ge-
netic ancestry. Biological and genetic ancestry are
 not concepts that exist for the biblical authors, so
 OT and NT claims about ancestry cannot be claims
 about biological or genetic ancestry. The authors
 have to be making claims about genealogical an-
cestry, which they understood in a way that is dis-
tinctly different from biological or genetic ancestry.
 For the biblical authors, genealogical claims are
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 about the significance of ancestors in God's plans
  and purposes. 
 As a further caution, given the multilayered in-
terpretive practices of early Christian writers
 (§ ..), it is important to note that several of these
 authors interpreted Adam and Eve differently in dif-
ferent interpretive layers (e.g., as the spiritual
 parents of all humans   and   as representative of every
 man and every woman). Virtually all early Christian
 writers saw Adam as a type for Christ. Finally, the
 relationship of Adam and Eve to all of humanity has
 never been the subject of church councils. Adam
 and Eve's genetic parentage of all humans, like the
 age of the Earth, was not a theologically significant
 issue for early pastor-theologians until Augustine.
 What was theologically significant was how Christ
  providentially reconfigured everything. 
  32.4. SOME POSSIBILITIES FOR 
 A HISTORICAL ADAM AND EVE 
 One important contemporary worry is whether
 Adam and Eve as historical people, who played
 the roles described in Genesis, is ruled out, given
 what we have seen in the sciences of human or-
igins in the previous chapters. In this section we
 will briefly discuss some options for a historical
 Adam and Eve that biblically serious Christians
 have defended. Each option has its strengths and
 weaknesses, and aside from reference to dates
 that can be gleaned from scientific investigation,
 versions of each option are found in the writings
 of Christian thinkers from the earliest centuries
 of Christian reflection. Here we will consider the
  following options: 
 •
 Recent ancestors: Adam and Eve were spe-
cially created de novo and separately from
 all other creatures about ten thousand years
 ago. They were the first humans, and all
 4
 Compare with Deborah B. Haarsma and Loren D. Haarsma,
 Origins: Christian Perspectives on Creation, Evolution, and Intel-
ligent Design, rev. ed. (Grand Rapids: Faith Alive Christian Re-
 sources, ), -. 
 other humans are biological descendants
 from Adam and Eve. The sin of Adam and
 Eve led to the fall of all humanity.
 •
 Recent representatives: About , to
 , years ago, God created humans
 either de novo, through progressive creation,
 or concurrently working through creation's
 processes (e.g., through ministerially
 mediated action, § ..). About ten
 thousand years ago God selected a pair of
 humans, Adam and Eve, to act as humanity's
 representatives, discussed in Genesis –.
 Their choice to sin led to their status as fallen
 humans being applied to all humans.
 •
 Pair of ancient ancestors: God created pre-
human   hominids   through progressive cre-
ation or concurrently working through cre-
ation's processes. Around , to ,
 years ago, God in unmediated fashion   al-
tered a pair of these   hominids   to become the
 first humans, creating Adam and Eve. All
 human beings are biologically descended
  from them. 
 •
 Group of ancient representatives: About
 , to , years ago, God created
 humans either de novo, through progressive
 creation, or concurrently working through
 creation's processes. Around ten thousand
 years ago God chose to give a particular
 group a divine self-revelation, and Adam
 and Eve are archetypal members and
 perhaps even leaders of this group. The
 choice to sin given God's revelation led to the
 5
 Progressive creation considers the Earth to be old. Some organic
 life forms were created through natural processes, but God
 sometimes (or often) specially intervenes in the natural order to
 bring about new organisms.
 6
 A variation on this option that many early Christian thinkers held
 was that although Adam and Eve may have been the first humans
 to sin, their status as fallen was not applied to all humans. Rather,
 each person fell as they freely chose to sin. Adam and Eve repre-
sent all humans by being typical of us all in this regard.
 7
 This is to say, not involving any form of ministerial mediation
 through creation (§   ..).
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 status of this group as fallen humans being
 applied to all humans.
 There is no Christian consensus—even among
 evangelicals—on which of these views is “correct,”
 although Adam and Eve as biological ancestors of
 humanity has had the preponderance of sup-
porters throughout much of recent church history.
 All of these views have points of consistency and
 tension with the relevant biblical texts, and a va-
riety of interpretations of Scripture have been used
 by advocates of each view. The first possibility—
 Adam and Eve as recent biological ancestors of all
 humanity—has received the most attention and
 support among Christians in recent centuries. On
 the other hand, it is the option that is the hardest
 to relate to our best scientific understandings of
 human origins and is the one that often drives a lot
 of the rejection of the modern scientific theories of
 origins discussed in this book.
 As formulated, the other three options are open
 to natural processes playing a role in the origin of
 humans   but never at the expense of intimate in-
volvement through the Son and Spirit. Nevertheless,
 the last three options raise the biggest questions for
 many Christians regarding beliefs about original
 sin, death before the fall, the status of the soul, and
 the image of God. In this chapter we focus on the
 image of God in light of the contemporary science
 of human origins, though some of the other ques-
tions have received brief discussion in other parts
 of the book (e.g., death before the fall in § .,
 human prefall mortality in chap. ). Perhaps the 
 most pressing challenge for making sense of
 humans as the image of God is felt to come from
 the possibility that the Trinity worked through cre-
ation's processes to create humans, so we focus
 most of our discussion on this. The discussion is
 not meant to defend a particular possibility for
 Adam and Eve's historicity; rather, the objective is
 to clarify what the image of God means and to
 show that contemporary scientific developments
 on human origins do not threaten that image.
 32.5.   THE IMAGE OF GOD:
  PRELIMINARIES 
 Along with the historicity of Adam and Eve, many
 Christians fear that evolution and common de-
scent undercut any sense of humans as made in
 God's image.   Historically, many Christians have
 thought the divine image consisted of features
 such as rationality, freedom, or creativity. The rea-
soning for identifying such capacities as candi-
dates for the   imago Dei   is as follows: There must be
 some feature of humans distinguishing us from the
 rest of the animals and making us somehow “like”
 God. After all, Genesis :- distinguishes hu-
manity from the rest of creation. Therefore, this
 distinguishing feature must be the divine image in
 humans. Call this an   essential property   view be-
cause it assumes there is some necessary property
 humans have that is essential to the image.
 As attractive as these proposals have been, one
 problem with identifying the divine image with
 reason or other capacities is that they do not seem
 to be unique enough. Over time, evidence has ac-
cumulated that humans are not set apart from the
 rest of the animals by uniquely distinguishing ca-
pacities such as reason. Instead, creation reflects
 more of a continuum of capacities, with humans
 perhaps having the most highly refined versions.
 For instance, orcas and dolphins exhibit re-
markable reasoning and learning capacities,
 adapting hunting and other social behaviors to dif-
fering circumstances. Moreover, the human brain
 shares much of its architecture with primate
 brains. It is even the case that the same regulatory
 genes responsible for the development of our
 brains in the womb are responsible for the devel-
opment of the brains of all vertebrates, from fish to
 8
 Some of the rest of this chapter is drawn from Robert C. Bishop,
 “What Does It Mean to Be Human?,” parts  and , BioLogos, July
  -, , https://biologos.org/blogs/archive/what-does-it 
  -mean-to-be-human-a-response-to-bruce-little-part-  and 
  https://biologos.org/blogs/archive/what-does-it-mean-to-be 
  -human-a-response-to-bruce-little-part-. 
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 mammals.   For the divine image to be something
 unique in all of creation would require humans to
 have an essential property   not   found anywhere else
 in creation, a   difference in kind rather than a dif-
ference in degree. But we have no convincing can-
didates for such a property.
 A further difficulty with rooting the divine
 image in such capacities is that these have tradi-
tionally been thought of as capacities defining
 what it means to be human.   One then runs the
 risk of identifying the image of God solely with
 what it means to be human. But nothing in
 Genesis :- suggests that to be made in God's
 image is to be merely human. If anything, this
 identification would seem to raise questions about
 how analogous human capacities are to God's at-
tributes. Instead, the biblical thrust is that
 whatever it means to be human, it is humans   who
 are by grace   the divine image, not that the divine
 image equals human capacities of some type.
 Indeed, the biblical text never identifies any such
 capacities; instead,   we   fill that in as if there were
 something missing in the text.
 While it is the case that essentialism regarding
 the image of God may be an interpretation having
 some consistency with the biblical witness, some
 measure of consistency does not mean this is the
 best way to conceive of this image given the whole
 sweep of Scripture along with what we have
 learned from creation revelation. Essentialism in
 general has been under a lot of pressure the last
 few centuries.   The coup de grâce, if you will, for
 many was Darwin's theory of evolution and the
 idea that humans arose under a process of descent
 9
 On an evolutionary view, this similarity is a prediction rather
  than a surprise. 
  10 
 This raises notorious questions about when creatures in the
 lineage leading up to humans became   human   (e.g., the branch-
ing-off point of African from Neanderthal from Denisovan [and
 perhaps other] hominins, or interbreeding among non-African
 humans, Neanderthala, and Denisovans; see chaps.   and ). 
 This is one important reason to distinguish between the   imago
 Dei   and what it means to be human.
  11 
 For reasons just sketched, but also see Bishop, “What Does It
 Mean to Be Human?,” part .
 with modification from common ancestors with all
 other creatures.   If the Bible demands an essential-
property understanding of the   imago Dei, then
 there is much work to be done to show how this is
 consistent with our best scientific understandings.
 32.6.   THE IMAGE OF GOD:
  THE INCARNATION 
 Fortunately, there are biblical and theological
 reasons for pursuing alternatives to essential-
property conceptions of the divine image (e.g., the
 doctrine of creation). Suppose we start by looking
 to the incarnation for clues. After all, Jesus is the
 archetypical human being and the fullness of the
 image of God (Rom :; Col :; Heb :).   One
 thing to notice from the Gospel accounts is that
 Jesus is not depicted as exercising extraordinary
 powers of rationality, freedom, creativity, or other
 such human capacities in making him the image
 of God.   Instead, what is most remarkable about
 Jesus is that he lived as an embodied person in
 perfect relationship with the Father, always en-
abled by the Spirit. Moreover, he was sustained by
  12 
 There is an important question as to whether essentialism in
 some form is compatible with evolution. This is a large ques-
tion, and some have thought it could be answered in the affir-
mative. We will only remark that essentialism has not worked
 out well as an analysis of species (e.g., Marc Ereshefsky, “Spe-
cies,” in   Stanford Encyclopedia of Philosophy, rev. August ,
 , http://plato.stanford.edu/entries/species). Ernst Mayr and 
 others have argued that historically essentialism was an obsta-
cle to evolutionary theories. Beginning with Plato and Aristotle,
 the Western tradition took it for granted that species were fixed,
 unchangeable things with essential natures. Such essentialism
 shaped Christian interpretations of   min—the Hebrew word
 translated “kind” in Gen —as referring to fixed species with an
 unchanging nature or as a “natural kind.” This is a meaning that
 is foreign to the ancient Hebrew understandings of   min   and
 reflects a concordist approach to Gen  (§ .).
  13 
 Sometimes Christians have identified the   imago Dei   with the
 soul. Whatever it means to be a “living soul” (nephesh chayah),
 it is not the divine image. This image is something   bestowed on
 living souls by God.
  14 
 “Adam's humanity is a   provisional copy
 of the real humanity that
 is in Christ.” Karl Barth,   Christ and Adam: Man and Humanity
 in Romans , trans. T. A. Smail (New York: Collier, ), -,
  emphasis original. 
  15 
 Jesus does appear to have special knowledge or insights, but the
 Gospel accounts never name this as the divine image.
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 the Spirit in his relationships with other persons
 and all of creation.
 Based on observing Jesus' human life in
 Scripture, the   imago Dei   appears to be a special
 kind of   relationality   given by God:
 •
 to be in relationship with the Father as a
  created, embodied person 
 •
 to be sustained or upheld in this relationship
 through the perfecting Spirit
 •
 to be enabled to be in relationship with other
 persons and all of creation
 There is an intentionality or directionality to the
 divine image proceeding from the Father to Jesus.
 Moreover, to be in movement toward the destiny
 defined by God's purposes appears to be a key
 feature of the divine image exemplified by Jesus.
 This purpose is tied to the original creation
 mandate to preserve and extend the kingdom—
 sacred space—to the whole of creation (chap. ). 
 We see Jesus doing this throughout his ministry.
 Hence, the image has some relationship to our
 roles as human beings in creation.
 Recall “Going Further: The Incarnation as Ex-
ample of Spirit Enablement” in section ...
 Looking to Jesus' life and ministry, we see Jesus as
 the perfect human enabled by the Spirit to be what
 the Father sent him to be. He was conceived in the
 flesh and woven in Mary's womb by the Spirit as well
 as sustained in his human body by the Spirit in ev-
eryday life through to the crucifixion and beyond.
 Through the Spirit's strength Jesus led a humble,
 obedient life. He did and spoke only what the Father
 gave him. This was accomplished through the Spirit,
  16 
 For a different line of argument supporting this same view of
 the   imago Dei   based on evidence from the ANE, see Catherine
 McDowell,   The Image of God in the Garden of Eden: The Cre-
ation of Humankind in Genesis :–: in Light of   mis pi pit pi
 and   wpt-r   Rituals of Mesopotamia and Ancient Egypt   (Winona
 Lake, IN: Eisenbrauns, ).
  17 
 Relationships are strongly constitutive of what it means to be a
 person. See Colin Gunton,   The One, the Three and the Many:
 God, Creation and the Culture of Modernity   (Cambridge: Cam-
bridge University Press, ).
 who enabled Jesus to fully, wholeheartedly follow
 the Father. All Jesus' miracles were performed
 through the power of the Spirit. Jesus was brought
 back to life—resurrected—by work of the Spirit. In
 short, Jesus was sustained by the Spirit, was made
 perfect by the Spirit, served the Father's purposes by
 the Sprit, and lived, died, and rose again by the Spirit.
 Notice that this relationship between Jesus and
 the Father sustained by the Spirit   is not a saving
 relationship. Jesus was in no need of salvation. Also
 notice that Jesus reflects more than a relationship
 between himself and the Father. We also see his
 relationship with other people (e.g., speaking with
 them, eating with them, ministering to them, not
 to mention being born of a woman) along with his
 relationship to the rest of creation (e.g., healing
 disease, calming storms and seas). The relationship
 to the Father is primary, while the other relation-
ships take shape in that primary relationship. In
 his life, death, and resurrection, Jesus was enabled
 to serve a priestly role representing humans and all
 of creation to God as well as representing God to
 all of creation. Adam and Eve were originally ap-
pointed to this priestly role but failed. Note that the
 role   was not   the image; even though they fell short
 of the role, they were still divine image bearers be-
cause of the Spirit-sustained relationship.
 In much weaker, imperfect ways we reflect this
 kind of enabling relationship between Jesus and
 the Spirit. Though marred by sin, fallen humanity
 did not lose the primary relatedness we have to the
 Father (e.g., image bearing is reaffirmed to Noah
 and his children in Gen :). The Spirit still main-
tains the special relationship of image between
 every human being and the Father.
 If the   imago Dei   is a sustained special rela-
tionship with the Father, each other, and creation
 given through the Spirit, then the divine image is
 not grounded in intrinsic, essential qualities that
  18 
 Similarly, our relationships with other people and with the rest
 of creation have been distorted by sin (e.g., we tend to use oth-
ers and the Earth as “resources” for meeting our own needs and
  desires). 





[image: ]
  602 
  PART SIX: HUMAN ORIGINS 
 particularly mark humans as completely distinct
 from the rest of the animals. Whatever the detailed
 account of the origin of humans turns out to be,
 the image would be bestowed at the origin of hu-
manity, as Genesis indicates. We can understand
 Genesis :- and : as many early Christian
 theologians did: as an account of our unity and
 connection with the rest of creation as well as of
 our special relationship with God constituting the
 imago Dei, inaugurating our role as ministers in
 God's kingdom under God's blessing. Hence, if
 Father, Son, and Spirit created human beings
 through evolutionary processes, we would have
 continuity and connection with all of creation
 while still being uniquely the image of God. Theo-
logically, evolution does not threaten the dis-
tinctive relationship given by God in Genesis.
 The early Christian concept of recapitulation is
 helpful here. Roughly, one can think of recapitu-
lation as bringing something full circle or as fully
 summing something up. In the incarnation Jesus
 recapitulates or sums up the human story as it was
 meant to be, exemplifying the perfection intended
 for humanity. Jesus, as the second Adam, both re-
veals the destiny of the first Adam and secures the
 redemption necessary for that destiny. As Gunton
  puts it, 
 That redemption is set in train from within space
 and time by the work of the second Adam, who
 thus achieves, in his person through the Spirit,
 what the first Adam failed to do: the right di-
rection which, through that same Spirit, then
 becomes available universally. The recapitu-
lation of the human story by Jesus is then the
 means of perfection in the sense both of resto-
ration and of completion. God re-inaugurates
 the project of creation by means of the life, death,
 resurrection and ascension of Jesus.
  19 
 An evolutionary development of humans only threatens the
 divine image if evolution is viewed as a replacement for God
 under some form of metaphysical naturalism (e.g., as in the
 false dilemma in chap. ). Yet this clearly is not a scientific view 
 but a metaphysical view (chaps.   and ). 
  20 
  Colin Gunton, 
 The Triune Creator: A Historical and Systematic
 This means that there is an important connection
 between humanity and the   imago Dei. Fur-
thermore, this connection includes our physical
 bodies. After all, Jesus came to Earth   enfleshed   and
 now has a glorified body. This also means that “the
 second Adam” is the true Adam—the fullness of
 humanity as the Father intended it—the first
 Adam's and our ultimate destiny.
 In addition to demonstrating that there is a con-
nection between the divine image and human em-
bodiment—though the latter does not constitute
 the   imago Dei—the incarnation also demonstrates
 that   relationality   is crucial to this image. Jesus
 came into the world as a human person. And as
 already noted, to be a person is to be largely con-
stituted by relationships with other persons. We
 see this in the nature of the Trinity. If we are some
 pale reflection of the triune God, then relationship
 to other persons is crucial to our being as persons.
 This gives us a different angle on the   imago Dei   that
 is theologically very rich:
 Likeness to God consists in the fact that human
 beings are persons, while the remainder of the
 created world is not. We are in certain ways anal-
ogous to the persons of the Trinity, in particular
 in being in mutually constitutive relations to other
 persons. Who and what we are derives not only
 from our relations to God, our creator, but to
 those others who have made and continue to
 make us what we are. Just as Father, Son and Holy
 Spirit constitute the being of God, so created
 persons are those who, insofar as they are authen-
tically personal . . . are characterized by subsisting
 in mutually constitutive relations with one an-
other. That means that we must reject a primarily
  individualistic way of construing the image....  
 Just as to be God is not to be an individual but
 three persons inextricably interrelated as being in
 communion, so to be man, as male and female, is
 to be created for life in community. And that
 perhaps gives us a clue to what we are looking for:
 Study   (Grand Rapids: Eerdmans, ), .
  21 
  Gunton, 
 One, the Three, and the Many.
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 however deformed the image, an element of co-
 humanity remains constitutive of our being....  
 To be in the image of God is therefore to be in
 necessary relation to others so made.
 Thus creation and incarnation are crucial to the
 core of the image of God as a special, Spirit-
sustained relationship to the Father. And relation-
ality lies at the heart of human uniqueness. The
 ancient Israelites could only have grasped some-
thing of the image when they heard the Genesis
 texts read in worship. Through the progressive
 nature of special revelation, we are able to grasp
 more about the nature of the image as it is exem-
plified in the incarnation. Even if the relational ac-
count of the   imago Dei   we have sketched here is not
 the full story, we think it is clear that an essential-
property account does much more poorly with
 regard to the biblical texts and particularly the in-
carnation. No matter what the ultimate story of the
 origins of humans turns out to be, an evolutionary
 account can easily be seen to be consistent with
 human beings as created by the Trinity and being
 given the gift of the divine image.
 ... Image and likeness.   One reason Christians
 have tended to pursue essential-property concep-
tions of the divine image is our tendency to confuse
 what distinguishes us as human with that image, as
 if that were the mark of humanity. While we should
 not think of humanity and the   imago Dei   as com-
pletely separate—the incarnation implies they are
 related—we should not collapse the two. It has
 been quite easy to collapse humanity and the
 divine image under Greek philosophical analyses
 (e.g., appealing to rationality, free will, creativity,
 and the like), as some early Christian thinkers did.
 Along with this long-standing tendency to col-
lapse the image of God and humanness has been a
 strong emphasis on conceiving of humans as sep-
arate from the rest of creation. Why—particularly
 in Western civilizations—have we invested so much
  22 
  Gunton, . 
 effort over the centuries in conceiving ourselves as
 separate from the rest of creation? Part of the reason
 may be that human uniqueness was often grounded
 in or taken as a sign of our uniqueness with respect
 to the rest of creation. Nevertheless, we suspect that
 part of the drive for separateness is due to some
 deep existential threat humans feel if we are not
 found to be distinct from the rest of creation—as if
 continuity with creation would somehow diminish
 us as humans. If, as the Western tendency has been
 in modern times, we adopt an individualist con-
ception of persons, then we have little choice but to
 try to carve out our separateness in some kind of
 essential-property terms. This is parallel with how
 we have tried to ground our individuality as persons.
 But an individualist conception of personhood is
 deeply problematic.   More deeply, our sinful pride
 to distinguish ourselves as the center of the uni-
verse likely animates this desire for separateness.
 Descartes and the Enlightenment in general offer
 two clear examples of this displacement of God: by
 human reason and will.
 If we pay close attention to the creation texts,
 though, we see that humanity shares a number of
 continuities with the rest of creation. () Humans
 are treated together with the cattle and crawling
 things and wild beasts in day six. () We are made
 of dust and therefore mortal, as the rest of creation
 is (§ .). () The grounds for interpreting the first
 two chapters of Genesis as describing a distinctively
 different creative process for Adam and Eve not
 used with other creatures are questionable.   If the
  23 
 For theological as well as philosophical reasons; see Gunton,
 One, the Three, and the Many; and Robert C. Bishop, “Psychol-
ogy and Revelation,”   Research in the Social Scientific Study of
 Religion    (): -.
  24 
 It is very difficult to swallow being constituted by your relation-
ships to God, other persons, and creation if you are seeking to
 be the center of the universe.
  25 
  See also Gunton, 
 One, the Three, and the Many.
  26 
 In fact, there is no indication of any of the mechanisms God
 used in creating humans and other creatures (chaps.  and ). 
 From the doctrine of creation, we know that God accomplished
 creation through means (§   .), yet that does not tell us about
 specific processes serving as means. We often fall into thinking
 that humans were created in a distinctively different way from
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 reference to dust in Genesis : is understood arche-
typically, there is nothing about God's process of
 creating humans that differs from creating other
 creatures. The important distinction is that we are
 given God's image as part of the gift of life. () Last
 but not least, humans are   created things, like all the
 rest of creation. The “living creature” language ap-
plied to humans in Genesis : is the same as that
 applied to all creatures in Genesis . This last feature
 of the text is crucially important yet often over-
looked. Recall that our starting point for the doc-
trine of creation was the Creator/creature dis-
tinction (§ ..). To be a creature—created by the
 triune God—is to be in a particular form of rela-
tionship to the Creator. We share this form of rela-
tionship to God with everything else in creation.
 What distinguishes us from the rest of creation in
 the texts is that we are given the   imago Dei   followed
 by a calling (chaps.   and ). In light of the incar- 
nation, we have argued this is a distinctive rela-
tionship to the Father through the Spirit exemplified
 by Jesus representing God to us and us to God.
 Moreover, humans have been given a particular role
 or function to fulfill in creation on God's behalf
 (note that this is yet another form of relationship).
 These latter distinctive relationships are the textual
 keys to what distinguishes humans from the rest of
 creation, not some special creative process.
 There is a very important reason to embrace the
 Bible's emphasis on our continuity with the rest of
 creation, connected with the ways of knowing dis-
cussed in chapter four: if our creation has conti- 
other creatures primarily for two reasons. First, for centuries we
 have tended to read Gen – as a material account of creation
 and of humans in particular. Second, there has been a tendency
 to meld the language of creating in God's image (Gen :) and
 of being made from dust with God breathing the breath of life
 (Gen :) together into one historical account of the process of
 Adam's creation. See chap.   for reasons why this melding may 
 not be the best reading of the Genesis texts.
  27 
 Notice that the thrust of the Scriptures as a whole is that the
 Trinity is involved in the creation of   all things   (all things were
 created through the Son;   §   ..). Again, no specific processes
 are discussed in the biblical creation accounts, though divine
 involvement is indicated in all creative events (§§   ., .).
 nuity with the rest of creation, then this continuity
 carries over to our abilities as knowers and our
 knowledge of creation. We indwell a creation   that
 is like us. Hence, we can have genuine knowledge
 of creation and not just the surface appearances.
 We are not cut off from a world external to and
 unlike us. Our ways of knowing are “in touch” with
 nature.   In other words, humans were created
 suited to creation revelation.
 It is particularly in light of humanity's role of
 carrying out Jesus' ministry of extending the
 kingdom to all the Earth (thus fulfilling the cre-
ation blessing in Gen ) that the capacities of
 reason, free will, creativity, responsibility, and so
 forth come into play. Although it may be unwise to
 try to push a strong distinction between image and
 likeness (the Hebrew terms translated as “image”
 and “likeness” in Gen  amplify each other as in
 biblical poetry), it can be useful to draw different
 shades of meaning from these terms.
 Think of the language of “image” as empha-
sizing the special relationship all humans have to
 the Father as sustained by the Spirit, wherein we
 represent God to the world through our com-
munion with each other. Just as an idol in the ANE
 represented the presence of a god, and just as Jesus
 is “the exact representation of [God's] being” (Heb
 :), so humans, through the special Spirit-
sustained relationship, represent God's presence
 on Earth. Then the language of “likeness” might be
 taken to emphasize capacities, such as reason, re-
sponsibility, and holiness lived   in relationship to
 God and service to the world. We reflect or image
 God more fully as we live into the likeness of Christ
 in everyday life more richly by exercising these ca-
pacities in relationship to the Trinity, other persons,
 and creation (e.g., Lev :; Rom :; :-;
  Cor :; Eph :; Col :). In other words, we
 grow into the likeness of Christ more and more.
  28 
 For relevant arguments and analysis, see Colin Gunton,   Enlight-
enment and Alienation: An Essay Towards a Trinitarian Theol-
ogy   (London: Marshall, Morgan and Scott, ).
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 Intentionality, free will, creativity, and other as-
pects historically identified with the image are
 better thought of as capacities humans have to
 carry out our function of vice-regency on God's
 behalf.   In the incarnation Jesus exercised this
 vice-regency function fully and perfectly by the
 enablement and energizing of the Spirit.
 The ANE uniformly treated the image of a god
 as a physical manifestation of divine essence, in
 other words, as a means through which a god ac-
complishes its chosen purposes, which is inher-
ently a relationship between the god and that
 which images it.   This contrasts with how Western
 approaches to the image have focused on essential
 capacities. Following the image/likeness shadings
 suggested here, the image is perhaps best thought
 of as a special relationship entailing special func-
tions and purposes. The likeness is a physical man-
ifestation of the capacities needed for image
 bearers to carry out those functions and purposes
 as God's representatives on Earth. And Jesus' hu-
manity is the ultimate model from which we can
 learn by the Spirit's power to exercise our capac-
ities as means through which God is restoring all
 of creation.   Jesus fulfills the creation blessing
 where Adam and Eve failed, and we are called to
 participate in that blessing.
 It is worth noting that along with possibly con-
fusing what it means to be human with the   imago
 Dei, focusing on some kind of essential capacity (or
 capacities) as constituting the divine image lands
 us in other problems as well. What are we to make
  29 
 John H. Walton,   Genesis,
 New International Version Application
 Commentary (Grand Rapids: Zondervan, ), .
  30 
  Walton, -. 
  31 
  Richard Middleton, 
 New Heaven and New Earth   (Grand Rapids:
 Baker Academic, ). For a related view of the   imago Dei, see
 Marc Cortez, “Idols, Images, and a Spirit-ed Anthropology: A
 Pneutmatological Account of the   Imago Dei,” in   Third Article
 Theology: A Pneumatological Dogmatics, ed. Myk Habets (Phil-
adelphia: Fortress, ), -.
  32 
 Nonpersonal creation needs persons to be fully what it is meant
 to be, which centrally involves the Son and Spirit. But it also
 involves us. This is the point of the creation blessing. Nonper-
sonal creation was never intended to find its completion apart
 from us (Rom :-).
 of babies born with only a brainstem, people who
 are comatose or suffering from Alzheimer's or de-
mentia, or people otherwise lacking the capacity
 (or capacities) that supposedly “count” as the
 imago Dei? These are questions that views empha-
sizing essential capacities have struggled to ad-
dress. There is nothing about the special Spirit-
sustained relationship that is affected by such
 losses or deficits in human capacities. Hence, there
 is no question that people experiencing these
 losses or deficits are also made in God's image.
 32.7.   GOD'S TWO BOOKS
  AND THE IMAGE OF GOD 
 Is there anything in contemporary human-origins
 research that rules out humans as divine image
 bearers? The argument in this chapter has been, no,
 there is nothing the scientific investigation of or-
igins has turned up that could threaten this gift of
 God. Therefore, if evolution played a role in the
 origin of human beings under the Son's superin-
tendence, biblical theology of the image is undis-
turbed. In contrast, if one assumes scientism—
 what is real is only what scientific methods can
 examine (§ ..)—and some form of materialistic
 naturalism, then evolution can be   interpreted   as
 ruling out the   imago Dei   because it is assumed that
 there is no God. But this is clearly to trade on meta-
physics and worldview, taking evolution where the
 scientific theory by itself does not go (§ .). The
 real threat to humans as the image of God comes
 from deeper metaphysical assumptions, not from
 scientific theories such as evolution.
 How do we know humans are created in God's
 image? Did we learn this by staring at the heavens
 through telescopes or by studying human DNA? Of
 course not. The image of God is not written in the
 stars or DNA. The book of nature can give us in-
sight into our capacities, our relationship with cre-
ation, and how we use our capacities to abuse or
 care for God's good creation.
 Rather, we discover the knowledge that humans
 are divine image bearers through God's book of
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 Scripture. Without this witness, we would not
 know that we are divine image bearers on Earth
 representing and reflecting the triune Creator in
 Spirit-sustained relationship. This means there is
 something very important about humanity that
 is not scientifically detectable. For Christians, this
 is no surprise. Contrary to scientism, Christianity
 recognizes that there are more ways of knowing
 than what the natural sciences have on offer (chaps.
  and ). But anyone focused solely on scientific 
 knowledge and scientific ways of knowing cannot
 be expected to have access to the same knowledge
 as those of us who study both of God's books.
 Recall the definition of knowledge introduced
 in section .: “We have knowledge of something if
 we are thinking of, speaking of, or otherwise
 treating something as it genuinely is on an appro-
priate basis of thought and experience.” Studying
 the book of nature and the book of Scripture are
 means to knowledge, and each has appropriate
 bases of thought and experience. When we put
 these means of knowledge into conversation with
 each other, we get a fuller picture of what it is to be
 human. We learn that God has made us more than
 what we are made from (whatever the account of
 what we are made from might be). We are able to
 take into account our relationship with God as well
 as with creation. This is an example of what the
 partial-views model can do for us as a way of ap-
proaching science-theology relations (§ ..).
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  33 
  BIBLICAL AND THEOLOGICAL 
  PERSPECTIVES ON NEW 
  CREATION, CREATION CARE, 
  AND SCIENCE EDUCATION 
  THIS CHAPTER COVERS: 
 Creation's ultimate end in new creation
  Shalom for creation 
  Createdness 
 An ethic of createdness
  Creation care 
  Science education 
  Fruitful science conversations 
 In this book we purposely take the view that the
 sciences and theology are not competing with or
 seeking to replace each other. The competition
 view is very popular in religious and atheist circles
 but is inconsistent with the long, positive rela-
tionship between scientific and theological in-
quiry.   We do not take a god-of-the-gaps view, in
 1
  James R. Moore, 
 The Post-Darwinian Controversies: A Study of
 the Protestant Struggle to Come to Terms with Darwin in Great
 Britain and America, –   (Cambridge: Cambridge Uni-
versity Press, ); James Turner,   Without God, Without Creed:
 The Origins of Unbelief in America   (Baltimore: Johns Hopkins
 University Press, ); Amos Funkenstein,   Theology and the
 Scientific Imagination from the Middle Ages to the Seventeenth
 Century   (Princeton, NJ: Princeton University Press, ); David
 C. Lindberg and Ronald N. Numbers,   God and Nature: Historical
 Essays on the Encounter Between Christianity and Science
 (Berkeley: University of California Press, ); John Hedley
 Brooke,   Science and Religion   (Cambridge: Cambridge University
 Press, ); John Hedley Brooke and Geoffrey Cantor,   Recon-
structing Nature: The Engagement of Science and Religion   (Edin-
burgh: T&T Clark, ); Richard G. Olson,   Science and Religion,
 –   (Baltimore: Johns Hopkins University Press, );
 which a current gap in our knowledge about how
 something works in nature is filled in with God.
 The competition and god-of-the-gaps views both
 problematically presuppose concordism (§ .).
 Nor have we taken the view that scientific inquiry
 is in a completely separate domain from theology
 (the two-realms framework of § ..). Such a view
 presupposes that there is no relationship what-
soever between the sciences and theology.
 Rather, we have explained the contemporary sci-
ences of origins and have offered biblical and theo-
logical perspectives on these scientific develop-
ments. Our aim has been to draw insight from both
 of God's books about the world we live in when
 properly interpreted (part ). Such a project requires
 an understanding of good theology and the relevant
 sciences. For theology, we have focused primarily on
 the doctrine of creation (chap. ). Without a com- 
prehensive doctrine of creation, it is difficult to have
 a balanced perspective on scientific theories of or-
igins, much less to think well about them.
 This doctrine has proven to be a fruitful guide for
 understanding contemporary scientific developments
 David D. Lindberg,   The Beginnings of Western Science: The Eu-
ropean Scientific Tradition in Philosophical, Religious, and Insti-
tutional Context, Prehistory to AD , nd rev. ed. (Chicago:
 University of Chicago Press, ); Ronald L. Numbers,   Galileo
 Goes to Jail and Other Myths About Science and Religion   (Cam-
bridge, MA: Harvard University Press, ); Peter Harrison,
 The Fall of Man and the Foundations of Science   (Cambridge:
 Cambridge University Press, ).
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 and understanding that they are not anti-God or
 contrary to historically orthodox interpretations of
 the biblical texts. There are further implications of
 a comprehensive doctrine of creation, and we want
 to briefly explore those in this postscript, be-
ginning with new creation in Christ (§§ .., ..,
 ..) and then moving to creation care, science
 education, and how to have science conversations
 with Christians and non-Christians.
  33.1. NEW CREATION 
 The doctrine of creation implies that there will be
 some continuity between the current created order
 and the new creation because of the freedom God
 has given creation to become complete in Christ
 and the value God has for creation's functional in-
tegrity (chap. ). 
 Perhaps no scientifically relevant question
 looms larger than what happens to all the pro-
cesses related to death in the current order of cre-
ation. Though clearly presupposing that the current
 order is all there is, Jules Howard's sometimes ab-
surdly humorous book   Death on Earth: Adventures
 in Evolution and Mortality   unwittingly gives us
 much insight into how biological death actually
 ministers to the current creation (e.g., by returning
 important nutrients to the soil).   On the other
 hand, the presence of the tree of life in John's vision
 of the new creation in Revelation  indicates that
 death and the processes associated with it are
 either transformed or mitigated in some significant
 way. God's abundant life (see “Going Further: The
 Triune Life of God”) overcomes death in some way
 we do not currently understand.
 Within a trinitarian understanding of creation
 we can see the doctrines of creation and redemption
 mutually illuminating and affirming each other.
 Creation and redemption are inextricably inter-
twined such that the one cannot be well understood
 without the other. At the same time, redemption
 2
  Jules Howard, 
 Death on Earth: Adventures in Evolution and Mor-
tality   (London: Bloomsbury Sigma, ).
 does not swallow up creation such that we lose the
 latter in the former, and neither does creation
 swallow up redemption such that it becomes lost in
 creation. To return to a theme of chapter two, the 
 very Son of God through whom all things were—
 and are continuing to be—created is the incarnated
 one who became a human being born of the virgin
 Mary and whose earthly life, death, and resur-
rection initiated and sealed the redemption and
 renewal of all things. Creation and redemption are
 inextricably linked in Jesus, who suffered the
 scandal of the cross but was raised to life by the
 Spirit according to the Father's plan. Everything
 created through Christ—material reality, spiritual
 reality, organisms, persons, culture—finds its
 telos (ultimate end) in the completion of all things
 in the new creation in the Son. On this side of
 consummation, much of social, political, and eco-
nomic life appears inchoate and directionless.
 Nevertheless, as with Abraham, we trust God's
 promises to us that the works of creation and
 redemption will be completed in new creation
 (Gen ; Phil :; Rev :, -).
  Chapter two  emphasized the importance of 
 trinitarian thinking to a comprehensive doctrine of
 creation. New creation offers an example of just
 how important maintaining a trinitarian doctrine
 of creation is. For instance, neglecting the Spirit's
 work in creation (e.g., relegating the Spirit's role
 only to involvement in human spiritual life) leaves
 us with a Father who plans creation and a Son
 through whom all things are made, but no person
 of the Trinity to perfect creation, bringing it to its
 completion in Christ. We would have a practical
 deism regarding nature, to which God no longer
 has any relationship other than as sustainer, and
 there would be no further hope for it. Creation
 would become something that we are saved out of
 (“going to heaven”) rather than something that is
 being redeemed. Consequently, we would leave out
 the biblical witness to the Son as Creator-Redeemer
 for all of creation.
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 Teleologically, the triune God is at work in cre-
ation to consummate it in Christ as the new cre-
ation through the Spirit to the praise of the Father.
 In Genesis  we see that from the beginning hu-
manity has been called to participate in creation's
 movement toward new creation. The world is made
 alive by the Son through the Spirit, notwith-
standing its current brokenness and incom-
pleteness, while the Father has destined it to be
 made whole and complete in Christ in new cre-
ation. True, we cannot see clearly what that con-
summation looks like, and we have difficulty
 thinking through our roles in that consummation.
 What we do understand from God's promises in
 Scripture is that through Jesus Christ's life, death,
 and resurrection the whole creation is being re-
newed. As well, we have a picture of what that new
 creation looks like in Christ's resurrection. For the
 body of Jesus, made of the same finite matter of the
 incomplete creation as ours, was raised and then
 transformed by the Spirit into the resurrection
 body of the new creation, a body that Jesus will
 have for eternity. The current world is not the ul-
timate reality; new creation is!
 Moreover, the movement of creation toward
 new creation is movement toward life in God,
 which is movement toward its completion in
 Christ. The fall, ushered in by human sin, disrupted
 this movement, this telos, though not in a per-
manent way, since nothing can thwart God's plans
 and purposes (e.g., Job :; Col :-). The in-
carnation marks the return of creation's movement
 toward its life in God, and the resurrection con-
cretely illustrates something of the completion of
 new creation through the Spirit.
 Because of the triune life of God—Father, Son,
 and Spirit eternally giving fullness of life and
 identity to one another—and the overflow of trini-
tarian love, there is life other than God—namely,
 creation.   Creation participates in the life of God,
 3
  Colin Gunton, 
 The One, the Three and the Many: God, Creation
 and the Culture of Modernity   (Cambridge: Cambridge University
 and this is the abundant life Jesus spoke of in John
 . The promise of life has its fulfillment in new
 creation when creation's life is completed and con-
summated in Christ by the Spirit to the praise of
  the Father. 
 The current creation is important to our flour-
ishing and sanctification as it ministers to us, but
 the new creation in Christ is our ultimate desti-
nation. Though we often do not think about this,
 the new creation is what we are seeking when we
 join Jesus in praying, “Your kingdom come, your
 will be done, on earth as it is in heaven” (Mt :).
 A comprehensive doctrine of creation also helps us
 understand that new creation is the realization of
 the value God places on creation for its own sake.
 ... New creation, teleology, and providence.   Some-
times Christians have taught that our ultimate
 place is with Christ in heaven. In contrast, the
 book of Revelation makes it clear that our ultimate
 place is with Christ in the new creation.   Some-
times Christians have taught that salvation is
 freedom from our “flesh,” as if this means deliv-
erance from our bodies and the materiality of cre-
ation. The Greek word   sarx, often translated
 “flesh,” that Paul uses refers to an anti-God power
 that dominates us unless we are living under the
 power and guidance of the Spirit (Rom ). Re-
demption in the NT is not from our bodies and
 materiality but   from   this anti-God power that de-
spoils all movement   toward   new creation in Christ,
 where all things are being made new (Rev :).
 If there is one biblical word that can sum up the
 telos of creation—new creation—it is   shalom,
 which expresses peace, wholeness, and well-being.
 Shalom is a state of being not just for humans but
 for all of creation. The triune Creator will bring this
 project to wholeness. From Genesis to the history
 of Israel, to the Prophets, to the Gospels and letters,
 Press, ); Gunton,   The Promise of Trinitarian Theology, nd
 ed. (London: T&T Clark, ).
 4
 See, for instance, Richard Middleton,   A New Heaven and New
 Earth   (Grand Rapids: Baker Academic, ).
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 of the NT, to the book of Revelation, shalom is the
 anticipated end of redemption—a wholeness or
 completeness characterized by absence of violence,
 war, strife, fear, or anything else that produces dis-
order. And wholeness is illustrated for us no better
 than in Christ's incarnation and resurrection
 putting things right and securing wholeness. The
 Bible calls us to participate in God's shalom for cre-
ation, to work for the Father's purposed wholeness
 that ultimately will be realized in new creation in
 Christ through the Spirit.
 Violence, pain, and destruction are present real-
ities for creation, to be sure. Accounts that focus on
 conflict, brutality, and death as characteristic of the
 present order of things—such as survival of the
 strongest or Nietzschean will to power—are not
 wrong insofar as they go. There is some truth to
 these accounts as they reflect something of our
 current,   contingent   state of affairs. Nevertheless,
 such accounts miss the telos of creation because they
 leave out God's plan, purposes, and work that we
 find in a comprehensive doctrine of creation. For
 example, they miss the ministerial nature of creation
 through which our Creator-Redeemer has been
 working in the current order of things (§ ..), a
 dazzling work of God's providence that we all tend
 to overlook. Because we know the telos of creation is
 new creation, we know that wholeness, rather than
 decay and destruction, is the end of creation, con-
trary to the scientific eschatologies of section ..
 This not only gives us hope but helps us to see the
 work of scientists in the fields we have surveyed in
 this book with new eyes.
 For instance, from what we saw in chapter two 
 and the biblical callings for soil and water to orig-
inate life in Genesis , something like evolutionary
 development of organisms might be expected.
 Nonetheless,   Christians should never confuse evo-
lutionary development with teleology. It is the Spirit
 who moves creation forward toward its destiny of
 new creation in Christ, not evolution's diversifi-
cation of organisms (part ). We cannot know
 Going Further: The Triune Life of God
 Although we should always proceed with caution when trying to describe the life of God because of language's inade-
quacies and our own finitude, theologians have attempted to articulate the triune nature of divine life. The three per-
sons of the Trinity have life through one another. Furthermore, they are who and what they are in virtue of their par-
ticipation in and with one another. This is to say that Father, Son, and Spirit co-constitute each other and are bound up
 together with making one another who and what they are. The Father eternally, fully, and freely gives himself to the Son
 as the Son eternally, fully, and freely gives himself to the Father. This eternally full and free mutual self-giving is the life
 of the Holy Spirit, who eternally, fully, and freely receives from the Father and Son while eternally, fully, and freely giv-
ing himself to the Father and Son. The Father can only be the Father as he particularly is in virtue of the Son and the
 Spirit; the Son can only be who the Son particularly is in virtue of the Father and the Spirit; the Spirit can only be who the
 Spirit is particularly in virtue of the Father and the Son. Father, Son, and Spirit are one God who is   being-in-community,
 and this being-in-community is what constitutes life and love. In virtue of the triune God being life and love, Jesus is
 Creator-Redeemer, giving life to creation that is becoming new creation in Christ through the perfecting of the Spirit.a
 God's triune life is abundant life (Jn :).
 a
  Colin Gunton, 
 The One, the Three and the Many: God, Creation and the Culture of Modernity   (Cambridge: Cambridge University Press, );   The Promise
 of Trinitarian Theology, nd ed. (London: T&T Clark, ); Robert W. Jenson,   The Triune God, vol.  of   Systematic Theology   (New York: Oxford University
 Press, ); Thomas F. Torrance,   The Trinitarian Faith, nd ed. (London T&TClark, ); Jonathan R. Wilson,   God's Good World: Reclaiming the Doctrine
 of Creation   (Grand Rapids: Baker Academic, ).




[image: ]
  BIBLICAL AND THEOLOGICAL PERSPECTIVES ON NEW CREATION 
  613 
 whether any particular evolutionary development,
 be it the development of a new species or the ex-
tinction of one, represents a movement toward
 new creation. Creation has not been fully renewed
 in Christ, so we might also expect that evolution
 as a creative process, whatever the ultimate mech-
anisms turn out to be, would also have a de-
structive side to it. Yet in God's grace creation
 ministers to creation even in the death and extinc-
tions that have marked the history of life on Earth.
 Therefore, whatever evolutionary science might
 uncover about the history and dynamics of life on
 Earth, it will never give us the whole story about
 creation, because it focuses on the properties and
 processes of organisms and not on their telos in
 new creation (§ .). That telos can only come
 from our Creator-Redeemer. No matter what
 atheists mired in scientism (§ ..) such as Jerry
 Coyne and Richard Dawkins say, evolution is not
 the end-all and be-all of nature but only repre-
sents some strands in a larger tapestry of creation
  and redemption. 
 As another example, Neil deGrasse Tyson has
 been known to claim that there are forces in the
 universe trying to kill us, so it does not seem to be
 the product of a benevolent God.   There is a kind
 of truth to what Tyson has to say because if we
 focus just on the current status of creation as if this
 is all there ever was and ever will be, then death
 appears to reign supreme. But there is also a salient
 question here: How did a universe aiming at death
 ever come to life? Tyson would likely give a story
 about how the universe erupted in a Big Bang bil-
lions of years ago (chap. ), and so far as it goes, 
 this account explains some basic facts about how
 processes that lead to death arise. Yet from a bib-
lical perspective it does not account for the moral
 5
 David Freeman, “Neil deGrasse Tyson Talks God, Aliens, and Mul-
tiverses,” Huffpost, October , , www.huffingtonpost.com 
  /entry/neil-degrasse-tyson-talks-god-aliens-and-multiverses_ 
  us_abebddcfc; Big Think, “Neil deGrasse Tyson 
 (Caught on Camera): The Universe Is Trying to Kill You,” June ,
  , www.youtube.com/watch?v=FweSDHHo. 
 conditions for the origin of the universe. Why is
 there a universe with meaning and suffering, good
 and evil, none of which should exist if all there is
 are matter and laws? Why do we value scientific
 inquiry, artistic expression, just political and eco-
nomic systems (and become upset at the injustices
 we see in our own), and wisdom, among other
 things?   Moreover, Tyson's view leaves out how
 richly creation ministers to creation even in the
 midst of processes that lead to death and de-
struction. For instance, views such as Tyson's
 downplay the life-affirming nature of the creation
 (chaps. -). Nor does his account offer anything 
 like the hope of new creation in the Son through
 the Spirit. Again, we cannot see any particular
 process or movement within creation as clearly
 indicating the path to new creation. The telos of
 new creation is seen in the work of Father, Son, and
 Spirit in and through creation. Focusing only on
 what the sciences can say not only misses the pur-
poses and meaning of creation because the
 methods are blind to these aspects of creation
 (§ .); it also blinds us to the work of God in
 Christ reconciling all things to himself.
 To sum up, teleology is not grounded in the
 things of creation or even the creation as a whole.
 Rather, teleology is found in the providence of our
 Creator-Redeemer: creation through the Son, in-
carnation of Jesus, crucifixion of Jesus, resurrection
 of Jesus, and consummation of all things in him. A
 christological view of teleology contrasts with an
 Aristotelian view, where everything possesses a
 finite, localized telos. Biblically, telos is a good gift
 of the Father for creation in Christ, through whom
 all things are created and in whom all things find
 their coherence, and through the Spirit, who ener-
gizes all things to fulfill the Father's calling. The
 6
 We saw that there really is no such thing as a “science only” ap-
proach to life and the world in chap. , particularly § .. 
 7
 There are similar implications for social and historical inquiry.
 For example, capitalism and the rise of liberal democracy do not
 necessarily represent movement toward new creation; the work
 of the Spirit in the social order is movement toward new creation.
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 Creator/creature distinction (§ ..) implies that
 teleology is inherent in God, not creation.
 This theological vantage point also allows us to
 see why the seventeenth-century shift of natural
 philosophy away from focusing on teleology to fo-
cusing on the properties and processes of creation
 was pivotal: by mislocating teleology as inherent in
 the things of creation proper, means of studying
 creation   as creation   were not developed. The new
 methods, refined versions of which we have dis-
cussed in this book, were able to take creation on
 its own terms, where telos is rooted in the plans
 and promises of God, not inherent in the things of
 creation. Creation's functional integrity is appro-
priate for fulfilling God's purposes, but not apart
 from the work of Father, Son, and Spirit. By itself
 creation can never achieve new creation, similar to
 how on our own we can never achieve redemption
 or the fulfillment of sanctification in glorification.
 ... Some implications of new creation.   A compre-
hensive doctrine of creation and the telos of new
 creation in Christ have implications for how we
 think about the redemption of the created world.
 Our Creator-Redeemer is making all things new
 (Rev :)—all of created reality, material and
 spiritual. This includes our human bodies, so sal-
vation does not mean the saving of our spirits or
 souls out of the material world. That is a form of
 gnosticism. Rather, redemption means salvation
 extends to our bodies. Whole persons—body and
 soul—are redeemed. Redemption will be an em-
 bodied redemption. 
 Jesus' bodily resurrection gives us a glimpse of
 embodied redemption. Nevertheless, there are im-
plications for our present lives as well because our
 bodies participate in the work of our Creator-
Redeemer. In Genesis – we see that humans were
 created as embodied. Likewise, the Gospels as well
 as the witness of Paul and Peter tell us that Jesus
 was raised embodied. Embodiment is important to
 God. It should also be important to us, not only in
 terms of caring for our bodies but also in recog-
nizing that we worship through our bodies, that
 sharing the good news about Jesus' redemption is
 very much through our bodies, and that acts of
 service to church and society are embodied acts.
 In work that shares several affinities with the dis-
cussion of the doctrine of creation in this book, theo-
logian Jonathan Wilson summarizes things nicely:
 As we understand the telos of the world
 grounded in the life of the Father, Son, and the
 Spirit and redeemed by the work of the Triune
 God, we will be able also to give an account of
 why only the Triune God could create the cosmos
 as gift and blessing that is free to turn away from
 its given telos in the life that God gives and still
 be brought back to that life in God without either
 God or creation becoming something other than
  God or creation. 
 To return to a point raised in chapter four  about 
 the different purposes and focuses of natural scien-
tific and theological inquiry: it is possible to study
 the stars and the geological structures of the Earth,
 to investigate the chemistry of life, and to explore
 the relationships among the creatures of the world
 without considering creation and its redemption in
 new creation. However, without the biblical under-
standing that creation and redemption are inter-
twined in the triune Creator's purpose of new cre-
ation, we cannot understand the purpose or telos
 of the things scientists are learning so much about.
 Creation revelation (chap. ) tells us much about 
 the properties and processes of creation, but scrip-
tural revelation is necessary for us to theologically
 discern how all of what scientists discover finds its
 place in the work of our Creator-Redeemer.
 Moreover, the telos of new creation, along with
 a comprehensive doctrine of creation, is further
 evidence that scientific knowledge of creation does
 not exhaust all there is to creation. The sciences
 contribute to the story of creation, but they cannot
 complete that story. We need both of God's two
 8
  Jonathan R. Wilson, 
 God's Good World: Reclaiming the Doctrine
 of Creation   (Grand Rapids: Baker Academic, ), .
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 books if we want the full story. The “big story” of
 our Creator-Redeemer and the making of new cre-
ation help us to put scientific inquiry into per-
spective as an important source of knowledge
 about creation—and creation care—as an often
 unwitting servant of the triune Creator and as a
 seemingly ceaseless source of awe and wonder
 about creation that redounds to God's praise.
 Last but not least, just as human sin brought
 with it a fallenness to all of creation (§ .), human
 redemption brings with it the redemption of all of
 creation (Rom :-). Our lives and destiny are
 intricately tied up with that of the whole of cre-
ation. Apart from the Scriptures, nowhere is that
 intricate relationship more apparent than in the
 environmental crises—creation crises—we have
 witnessed in recent history, from driving bison to
 near extinction to the human-caused warming of
 our planet. When we grasp the biblical inter-
weaving of creation and redemption centered in
 our Creator-Redeemer, this generates a new ethic
 or way of life toward all of God's creation. While
 there is much insight in the study of ethical systems
 such as virtue ethics and deontological or duty-
centered ethics, the biblical realization that God is
 about new creation should shape our way of life
 and critique of such ethical systems.
 Ultimately, all that we do either contributes to
 God's project of new creation (pursuing life) or
 works against it (pursuing death). We either bear
 witness to our Creator-Redeemer's work of new
 creation (pursuing life) or we obscure that work
 (pursuing death). AChristian ethic or way of life is
 not just about what being good and doing right
 mean; more broadly, it is about how God's project
 shapes being good and doing right—it is about
 pursuing life in Christ. And pursuing life in Christ
 means pursuing that life in the present created
 order aimed at new creation.
 9
 And critique the political and economic systems, too, that have
 contributed so much to creation crises. See, for instance, Glenn
 Tinder,   The Political Meaning of Christianity: The Prophetic
 Stance; An Interpretation   (New York: HarperCollins, ).
  33.2. CREATION CARE 
 Although not a “Christian book,”   The Earth as a
 Cradle for Life: The Origin, Evolution and Future
 of the Environment   captures something crucial
 about what we have seen in this book: the Earth
 as a cradle for life suggests a supportive, nur-
turing affirmation of life through our created
 Earth.   We have seen the ministerial nature of
 creation in cosmology, geology, chemistry, and
 biology, where Father, Son, and Spirit are inti-
mately involved in creation participating in trini-
tarian life. A comprehensive doctrine of creation
 calls us to see all of creation as God's, a project
 that began with a “very good,” though incom-
plete, creation that will be completed in new cre-
ation in Christ through the Spirit.
 The responsibility of humans to care for cre-
ation is evident throughout the biblical narrative.
 In Genesis , God made humans according to his
 image and blessed them with the calling to bring
 order to the earth, giving them a form of dominion.
 This dominion has always been subservient to
 Christ's lordship over all. This is reflected in
 Genesis :, where the man is put in the garden “to
 till it and watch it,”   using terms that can be trans-
lated as “serve” and “keep” and that describe the
 priestly role of people in sacred space (chap. ). 
 These biblical truths illuminate our responsibility
 to God's creation and project in the here and now.
 The sciences we have explored in this book shed
 light on the order, beauty, and power of creation
 and testify to the love and wisdom of our Creator-
Redeemer. The life sciences in particular show that
 all is not well with creation. They reveal the extent
 of ill health from pollution and other forms of cre-
ation degradation that mark our fallen interactions
 with creation, those interactions that treat creation
 as nature not made by or belonging to any god
  10 
 Frank D. Stacey and Jane H. Hodgkinson,   The Earth as a Cradle
 for Life: The Origin, Evolution and Future of the Environment
 (Singapore: World Scientific, ).
  11 
  Robert Alter, 
 The Five Books of Moses: A Translation with Com-
mentary   (New York: W. W. Norton, ), .
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 other than us. The extent to which Christians par-
ticipate in these fallen interactions is the extent to
 which we witness to ourselves rather than to the
 Creator-Redeemer. Such fallen interactions lead to
 death and destruction—the hallmark of sin—
 rather than to life. We and creation are consumed
 by our own consumption, as poignant illustrations
 of frustration and decay (Rom :- NRSV) as
  can be imagined. 
 There has been an explosion of articles and
 books on creation care in the last few decades.
 Our goal here is not to summarize all this material
 but to focus on some of the big-picture implica-
tions of a comprehensive doctrine of creation and
 the telos of new creation for Christian thought and
 action. We begin with the concept of createdness.
 ... Createdness.   The more we grasp a compre-
hensive doctrine of creation and the completion of
 creation as new creation in Christ through the
 Spirit, the more an ethic of createdness is gen-
erated as faithfulness to what our Creator-
Redeemer is doing in the restoration of all things.
 Many of the sciences we have looked at in this
 book can help us positively address a number of
 creation crises. But it is God's project of creation-
  12 
 For examples, see Loren Wilkinson,   Earthkeeping in the Nine-
ties: Stewardship of Creation   (Grand Rapids: Eerdmans, );
 Jürgen Moltmann,   God in Creation: An Ecological Doctrine of
 Creation   (London: SCM Press, ); Norman Wirzba,   The
 Paradise of God: Renewing Religion in an Ecological Age   (Ox-
ford: Oxford University Press, ); Calvin B. Dewitt,   Earth-
Wise: A Biblical Response to Environmental Issues, nd ed.
 (Grand Rapids: Faith Alive Christian Resources, ); Sandra
 Richter, “Environmental Law in Deuteronomy: One Lens on a
 Biblical Theology of Creation Care,”   Bulletin for Biblical Re-
search   , no.  (): -; Steven Bouma-Prediger,   For the
 Beauty of the Earth: A Christian Vision for Creation Care, nd
 ed. (Grand Rapids: Baker Academic, ); Richard Bauckham,
 Living with Other Creatures: Green Exegesis and Theology
 (Waco, TX: Baylor University Press, ); Jonathan Moo and
 Robert S. White,   Let Creation Rejoice: Biblical Hope and the
 Ecological Crisis   (Downers Grove, IL: InterVarsity Press, );
 Colin Bell and Robert S. White, eds.,   Creation Care and the Gos-
pel: Reconsidering the Mission of the Church   (Peabody, MA:
 Hendrickson, ); Douglas J. Moo and Jonathan A. Moo,   Cre-
ation Care: A Biblical Theology of the Natural World   (Grand
  Rapids: Zondervan, ). 
 to-new-creation that provides an overarching ori-
entation for our action in the here and now. Of
 course, we do not know in detail what new cre-
ation looks like, so it is difficult to discern how any
 particular action we might engage will contribute
 to God's project. Still, there are some orienting
 questions that can shape our thought and action.
 First, and foremost, does a given thought or action
 offer to our Creator-Redeemer the sacrifice of
 praise of a creation headed toward new creation?
 Or is the thought or action a reflection of the self,
 caught up in sin, the way of death and destruction,
 not pursuing the way of life?
 A second orienting question: Does the thought
 or action line up with or reveal truth about cre-
ation as creation, as a gift from God that is being
 transformed into new creation in Christ through
 the Spirit? Or does the thought or action line up
 with or reveal something about our tendency to
 self-focus, where our desires are directed toward
 the way of death and destruction rather than the
  way of life? 
 These two orienting questions—challenging as
 they are to answer in concrete circumstances—
 take Matthew :- as their pattern to orient us
 toward what glorifies our Creator-Redeemer as
 well as what it means to love all of creation as our-
selves. We are creature. We are created. Therefore,
 our ethic, our way of life, toward the created world
 should be marked by   createdness.
 This is a theological way of saying that God's
 aim for new creation has implications for creation
 care. For instance, it is not uncommon to read ar-
guments for creation care based on instrumental
 (environments provide necessary eco-services for
 life) or pragmatic (care for the environment pro-
motes human flourishing) grounds. These argu-
ments are not wrong as far as they go; they simply
 fall short by theological lights. More deeply, we
 participate in creation care   because it is part of our
 createdness and calling as human beings to care for
 all creatures in light of the redemptive purposes of
 God for creation. All created things have their
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 purpose—their telos—in the new creation in
 Christ as we have seen. We, along with all other
 created things, share in createdness by the gra-
cious, loving action of the triune God.
 Wilson puts it this way:
 To the extent that we do not care and do not
 delight in all creation, to that same extent we
 have not yet learned that we are creatures who
 live by delighting in God—the Father, the Son,
 and the Spirit. To the extent that we have not
 learned and delighted in our creatureliness, we
 are in danger of not recognizing the creature-
liness of others. We will treat them as useful for
 meeting our own needs, denying their true telos
 in the new creation.
 The others Wilson refers to here not only are other
 people but the “other” of all of creation. Underlying
 this ignoring of createdness is a focus on the other
 as instrumental. Gunton argues that our modern
  disengaged attitude 
 means standing apart from each other and the
 world and treating the other as external, as mere
 object. The key word is   instrumental: we use the
 other as an instrument, as the mere means for
 realizing our will, and not as in some way integral
 to our being. It has its heart in the technocratic
 attitude: the view that the world is there to do
 with exactly as we choose.
 The more we grasp our own createdness and the
 createdness of the church—the body of Christ on
 Earth—the better position we are in to recognize
 the createdness of all creation. This has implica-
tions for our response to creation. One implication
 is that we share creation's nature as limited, finite
 creatures—we are not omnipotent over creation;
 God is. Our response to creation should be as
 fellow creature, not, as our sinfulness tends to in-
spire, as a kind of god over creation. Our ability to
 act in creation, to rule over creation as stewards, is
 a gift to creation given by God that should be seen
  13 
  Wilson, 
 God's Good World, .
  14 
  Gunton, 
 One, the Three and the Many, .
 as part and parcel of the ministerial nature of all of
 creation (§ ..). We are one of God's chosen
 means of creation ministering to creation. Another
 implication is that since God is faithful to the cre-
atedness of creation (§ ..), we, by the power of
 the Spirit, should reflect faithfulness to that cre-
atedness. All of creation—ourselves included—is
 God's project, and our response to the rest of cre-
ation should reflect this. A closely related impli-
cation is that our action in—our response to—cre-
ation should be attuned to our Creator-Redeemer's
 telos of new creation, a response that requires
 Bible-steeped, prayerful wisdom and discernment.
 As Christoph Schwöbel argues, “The practice of
 prayer is fundamentally the relational enactment
 of the constitutive aspects of createdness, and so it
 shapes human action to find its origin, norms and
 ends in God's creative action.”
 The either-or dilemma discussed at the be-
ginning of chapter two  has a direct relationship to 
 the ethic with which we approach God's creation.
 Suppose one thinks that divine action in nature is
 found only in that which is unmediated by or to-
tally apart from the natural order (first horn of the
 dilemma). Then the ethical tendency is to see God
 as the supernatural hero who will save the creation
 from our misdeeds or as the only one who has the
 power to right wrongs done to nature. This ethic
 comes to expression in statements such as “God
 would never let the Earth be damaged by global
 warming” or “Humans don't have the power to
 drastically affect the climate; only God has that
 power.” Such an ethic leads to forms of indifference
 or impotence toward the creation on the part of
 Christ-followers. This is participation in death
  rather than life. 
 Suppose instead that one thinks that all events
 in nature happen as the result of natural processes
  15 
 Christoph Schwöbel, “God, Creation and the Christian Com-
munity: The Dogmatic Basis of a Christian Ethic of Created-
ness,” in   The Doctrine of Creation: Essays in Dogmatics, History
 and Philosophy, ed. Colin Gunton (Edinburgh: T&T Clark,
  ), . 
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 and actions without any influence from God
 whatsoever (second horn of the dilemma). Then
 the ethical tendency is to see humanity as the
 only hope for avoiding ecological damage and
 dangers, as if humans were sovereign over all
 that happens. We can easily leave God in the
 shadows and fall into instrumental action toward
 creation—we have to find the most effective
 means to avert a climate disaster that will ad-
versely affect us all. This view focuses only on the
 human dimension and so does not participate in
 the life of God.
 An ethic of createdness based in a compre-
hensive doctrine of creation steers a third way
 between these two false choices. Seeing ourselves
 as deeply a part of the created order participating
 in the ministerial nature of all of creation opens
 the space for Christ-followers to see our rela-
tionship to nature as ministers rather than impo-
tents or instrumental overlords. Moreover, we can
 see that God the Holy Spirit is not only working
 through us to bring healing to the creation but
 also participating in bringing nature to its ul-
timate destiny in new creation in Christ. The
 imago Dei   is relevant here as well since the idea of
 our being created in the image of God is that we
 are   created being, as is the rest of nature, yet   we are
 representatives of God to the rest of creation. In the
 deeply woven patterns of creation ministering to
 creation, humans have the fullest expression of
 this patterning—we have been given the   ministry
 of ministry, if you will. As we exercise that min-
istry to God's creation by participating through
 the Spirit in creation's coming to be itself in Christ
 as called by the Father, we bring sacrifices of praise
 to the triune Creator.
 ... Createdness, new creation, and creation care.   The
 transformation that takes place in conversion and
 the indwelling work of the Spirit are referred to by
 Paul as new creation ( Cor :). This gives us some
 sense of the newness John speaks of in Revelation
 , where the triune God is making all things new
 (Rev :).   The new creation is not identical with
 the present creation but is continuous with it,
 similar to how believers are not identical with their
 former nonbelieving selves but are continuous with
 those former selves and will have continuity with
 their glorified selves in the new creation. In ad-
dition, the resurrected, glorified body of Jesus pro-
vides some glimpse into what consummated mate-
riality will be like. Again, it is not identical to
 present materiality but is continuous with it (e.g.,
 the resurrected Jesus cooked and ate fish; Thomas
 saw and touched Jesus' nail-scarred hands and
 pierced side). When sanctification has been com-
pleted and believers are perfected in glory to the
 Father, our old selves will have “passed away.” Sim-
ilarly, when the perfecting work of the Spirit is fin-
ished, the old creation will have “passed away,” and
 all will be new creation (Rev :).
 In particular, the evil and injustice so present
 in the current incomplete creation will be no
 more (Rev :-). A recurring theme in the OT
 Prophets is that justice is linked with the land's
 ability to minister to life.   Consider, for instance,
 links between murder and the land (e.g., Num
 ), or links between sabbaths for the land,
 justice, and fasting for God's people (e.g., Lev ;
  Chron :; :-; Is ), or links between
 social justice, idolatry, and the well-being of the
 land (e.g., Hos :-; Joel ; Jer :). As the
 prophets often emphasized, the injustices perpe-
trated by the powerful against the weak, the abuse
 of the land in violation of God's commands, and
 the well-being of people and the rest of creation
 are interlaced. We tend to miss this interlacing
 because our modern ways of thinking have
 tended over the past few centuries to cut us off
 from seeing how deeply human personhood is
  16 
 Note that John does not say that Jesus is making all new things.
  17 
 Laurie J. Braaten, “Earth Community in Joel: A Call to Identify
 with the Rest of Creation,” in   Exploring Ecological Hermeneu-
tics, ed. Norman C. Habel and Peter Trudinger (Leiden: Brill,
 ), -; Hilary Marlow,   Biblical Prophets and Contempo-
rary Environmental Ethics: Re-reading Amos, Hosea and First
 Isaiah   (Oxford: Oxford University Press, ).
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 connected to all of creation.   Furthermore, we
 have been trained by untutored scientific attitudes
 to think of creation as merely nature—as a closed
 system whose operations are largely independent
 of qualities such as justice. This is not the biblical
 view. Sabbath and fasting are practices of life and
 ways we participate in the life that God has gra-
ciously given. Injustice, whether perpetrated
 against other persons or any other aspect of cre-
ation, is to participate in the way of death, not life;
 hence, forms of injustice promote the opposite of
 God's purposes for creation.
 We often grasp aspects of this link between in-
justice and the promotion of death when it comes
 to people and understand how injustice is de-
structive of the well-being of people. What may be
 surprising to you is that the Bible draws the same
 link between injustices toward creation and the
 destruction of its well-being.   This too is part of an
 ethic of createdness aimed at new creation, an im-
plication of the world being creation—not just
 nature as a self-sustaining, self-contained entity.
 Furthermore, it is not just “the environment,” as if
 the environment were a system that operates sepa-
rated from God's providence, where scientific and
 technical achievements are all we need to restore
 the environment. Rather, as created, creation par-
ticipates in the life of God through the Spirit and is
 intertwined with us and destined for redemption
 by the Creator-Redeemer (Rom ). However, in our
 fallenness, our relationship with the Creator and
 the rest of creation is damaged, and injustice is the
 result. Instead of participating in enabling creation
 to move toward life in Christ culminating in new
 creation, we tend to exploit creation for our own
 ends, colored by self-centeredness and greed. We
 behave more like we are gods over the creation
 than coheirs of new creation with it. This is the
 very opposite of an ethic of createdness.
  18 
  Gunton, 
 One, the Three and the Many, esp. chap. . 
  19 
  Marlow, 
 Biblical Prophets and Contemporary Environmental
  Ethics. 
 Part of the reason we miss the link between in-
justice and creation is our forgetting our createdness,
 a reflection of our self-centeredness as fallen beings.
 Thanks be to God that divine love is freeing us from
 such self-focus! We know that there will be com-
plete banishment of sin in new creation, but what
 about the broken world surrounding us in our
 present creation crises? Seeing God's redeeming
 love for all of creation in the context of a compre-
hensive doctrine of creation points us to an ethic of
 createdness and new creation that can help us un-
derstand how to approach creation crises better.
 We often read verses such as Genesis :, “And
 God said, ‘Look, I have given you every seed-
bearing plant on the face of all the earth and every
 tree that has fruit bearing seed, yours they will be
 for food,'”   in an objectified way, as if creation
 were merely raw material external to us. Yet, if we
 read in context, we can see that this verse ex-
presses something deep about our relationship to
 and dependence on creation. Compare with
 Genesis :: “‘And to all the beasts of the earth
 and to all the fowl of the heavens and to all that
 crawls on the earth, which has the breath of life
 within it, the green plants for food.'And it was so.”
 Genesis : and Genesis : are exact parallels in
 expressing the dependency of all living creatures
 on the created world for sustenance. This is an im-
portant way that creation ministers to creation
 (§ ..), and is God's love in action in creation.
 Vice-regents though humans may be, we are simul-
taneously dependent on the very creation we have
 been called to extend sacred space over (§ .).
 Moreover, in Western societies we often read
 such verses picturing ourselves as autonomous
 over creation, unwittingly importing cultural
 ideals of individualism and autonomy into our
 interpretation of our relationship to creation.
 The way Gunton puts it bears repeating:
  20 
  Alter, 
 Five Books of Moses, .
  21 
  Alter, . 
  22 
  Robert C. Bishop, 
 The Philosophy of the Social Sciences   (London:
 Continuum, ), chaps. -.
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 Disengagement means standing apart from each
 other and the world and treating the other as ex-
ternal, as mere object. The key is the word   instru-
mental: we use the other as an instrument, as the
 mere means for realizing our will, and not as in
 some way integral to our being. It has its heart in
 the technocratic attitude: the view that the world
 is there to do with exactly as we choose.
 As such we tend to miss our dependency on and
 responsibility toward creation in general, and the
 extending of sacred space in particular. Every time
 we eat a meal or put on clothes or enter a house, we
 are inextricably involved in our dependency on cre-
ation and the biblical pattern of creation ministering
 to creation. Modern Western societies default to
 conceiving of food, clothes, and houses as commod-
ities carrying economic value. The biblical view, in
 contrast, is that all of these things are good gifts
 from a loving Father and expressions of our depen-
dency on God through creation (e.g., Mt :-).
 Christians often read these verses in Genesis 
 as emphasizing our distinctness from creation
 such that we usually miss how much the Genesis
 narrative focuses on our continuity with creation
 (§ ..). For example, we read Genesis  and miss
 how Genesis :- describes our similarity with
 all creatures rather than only our distinction from
 them. To be sure, we are distinct in that we are
 God's image bearers and have been given the
 priestly calling to extend sacred space (chaps. , 
  ) as part of participating in God's shalom for all 
 creation because we are the only creatures chosen
 and equipped by God for these roles. No other
 creatures can do what we have been called to do.
 Nonetheless, we are the same as all creatures in our
 dependence on creation as well as having been
 made from the same materials as all creatures. On-
tologically speaking, we are creatures of a piece
 with other creatures—we share   createdness. The
 biblical view runs counter to the ways contem-
porary Western societies view humans and our
  23 
  Gunton, 
 One, the Three and the Many, .
 relationship to nature (as one of superiority and
  instrumentality). 
 If, as the doctrine of creation emphasizes, one
 of the triune Creator's purposes is for creation to
 become itself, fully completed in Christ (§ ..),
 then part of humanity's responsibility as divine
 image bearers is to participate in the fulfillment of
 this purpose. Of course, this does not mean that we
 stop eating, making clothes, and building houses.
 Rather, it means that as we engage creation in these
 ways, we seek to understand how these can be
 shaped into acts of worship, evangelism, and
 service to the praise of God. All of these things—
 everything—is being reconciled in Christ (Col
 :), and at its most general our calling is to par-
ticipate in that reconciling work of our Creator-
Redeemer. Seeing creation as gift, our mission as
 extending sacred space, the created world as loved
 by God for its own sake, and participating with
 Christ as reconcilers—these things call forth prac-
tices of worship and gratitude that go against the
 grain of the commodification of all things that our
 modern market-economic order presses on us. In-
stead of unwittingly cultivating self-centered and
 consumerist habits toward creation, we are called
 to cultivate habits of gratitude, worship, evan-
gelism, and service toward all of God's creation.
 “Don't let the world around you squeeze you into
 its own mould, but let God re-mould your minds
 from within” (Rom : Phillips).
 Furthermore, worship is broader than our giving
 praise to the triune God. All of creation participates
 in this worship (Ps :-; :-; ; Rev –).
 Both present creation in all its incompleteness and
 its destiny in new creation are important to God
 and participate in worship. As we approach every-
thing we do as a sacrifice of praise to God, we
 become more human. Creation ministers to us
 (§ ..) as acts of praise to God. As we participate
 in the restoration of the created world, we enable
 creation to more fully praise God and move toward
 its completion in the Son through the Spirit.
  24 
  Gunton. 
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 One upshot of a comprehensive doctrine of cre-
ation and an ethic of createdness is that we do not
 live in the environment as if it were a thing external
 to us, that which surrounds us. We are part of and
 live through creation. Environmentalism, or care for
 the environment, is creation care narrowed down to
 what is external though necessary to us. In the eco-
nomics literature, for instance, the valuing of nature
 is cast in purely instrumental terms, in which eco-
nomically efficient forms of environmental care are
 advocated. The value of nature is cashed out in terms
 of the ecosystem services provided and their contri-
bution to our economic welfare. Saving or caring for
 the environment amounts to putting the envi-
ronment and the services it provides at the center of
 our economic thinking rather than the biblical view
 of creation as valuable in itself and as divine project
 (chap. ). Hence, the contemporary emphasis on 
 ecosystem services as a basis for defending care for
 the environment represents an overly narrow, in-
strumental, market-only kind of view that does not
  escape our self-centeredness. 
 In contrast, creation care in a full ethic of creat-
edness is care for that which we are part of and which
 Christ is redeeming and the Spirit is completing.
 Caring for creation is part of how we are related to
 the triune Creator and part of Christian witness to a
 reality non-Christians ignore and too many Chris-
tians have forgotten: God is a God of creation as well
 as redemption! There is much worthwhile in modern
 environmentalism. Nevertheless, a comprehensive
 doctrine of creation and our being the   imago Dei   in
 Christ's creation directs us toward thought and
 action focused on God's redemption of all creation
 (Rom :-), bearing witness to our Creator-
Redeemer rather than being beholden to political or
 economic ideologies from either left or right.
 Redemption is full orbed, as Karl Löning puts it:
 That God's history with God's people Israel and
 the Church stands in the service of the fulfillment
  25 
 For example, Dieter Helm,
 Natural Capital: Valuing the Planet
 (New Haven, CT: Yale University Press, ).
 of creation, and that there is no salvation that
 does not affect creation, has been relegated to the
 background in the face of the narrowing of the
 biblical witness. In contrast to this we can and
 must today emphasize that the world is desired
 and loved by God for its own sake and precisely
 as God's creation. And the world of peoples and
 religions outside Israel and outside the Church is
 not simply a salvationless void. To formulate this
 in the view of the Bible itself: The theology of cre-
ation outlined in Genesis – is not simply a
 prelude to salvation history, but sustains, per-
vades, and embraces the entire biblical witness to
  God....  The creation-theological statements of 
 both Testaments name the depth dimension of all
 of God's activity in the world.
 Our witness to Christ in the world is not just
 about the saving of souls for heaven. It is about
 the entirety of God's work of creation and con-
summation, and about the flesh-and-blood des-
tines of people in that great work. From the
 vantage point of a comprehensive doctrine of
 creation and God's purposes in new creation, the
 sciences we have been discussing in this book are
 sacrifices of praise to our Creator-Redeemer that
 participate in this work. In this context our scien-
tific knowledge is best deployed in our service to
 God's kingdom and creation.
  33.3. SCIENCE EDUCATION 
 A comprehensive doctrine of creation can help us
 think well about science education as Christians.
 What is the appropriate way to teach about the
 science of origins in our educational institutions?
 More specifically, how should the theory of evo-
lution be taught? Of course, the answer will be
 greatly influenced by whether this is considered in
 the context of public educational institutions or
 private educational institutions that incorporate a
 biblical Christian perspective. Nonetheless, the
  26 
  Karl Löning, 
 To Begin with, God Created . . . : Biblical Theologies
 of Creation, trans. Omar Kaste, ed. Eric Zenger (Collegeville,
 MN: Liturgical Press, ), -.
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 goal in both cases should be to teach the scientific
 theories of origins in a way that captures the ro-
bustness of the scientific theories. Often these sci-
entific theories are accompanied by proclamations
 of naturalism that deny God's role, claims that
 exceed the reach of science (e.g., chaps.   and ). 
 Whether in public or Christian schools, people of
 faith would object to this denial of God's role or
 existence. These perceived conflicts between evo-
lution and Christian faith have played a large part
 in how this question has been approached in public
 education in America over the last century or so.
 Many of these perceived conflicts have resulted in
 laws being passed to regulate the teaching of
 science, and some of these laws have been chal-
lenged and defeated in court cases. We will explore
 a range of approaches to this question that also
 roughly follow a chronological order in which this
 topic has been handled in the recent history of
 public education in America.
 ... Forbidding teaching evolution.   For Christians
 who find evolution to be in conflict with their faith,
 the most obvious solution might be to legislate
 against teaching evolution. Such an approach
 would be the most severe but might appear to pro-
ponents of such an approach as the most effective.
 This approach is exemplified in laws enacted by
 state legislatures against teaching evolution, such
 as the Butler Act in Tennessee, which resulted in
 the trial and conviction of teacher John Scopes in
  in what has been called the Scopes Monkey
 Trial.   But this case is full of difficulties, most of
 which make this a poor model for forbidding the
 teaching of evolution by law. The approval of the
 Butler Act was the result of a series of political ma-
neuvers in which the governor who signed it
 thought it unlikely that it would ever be enforced.
  27 
 The focus on humans coming from “monkeys” resulted in this
 being called the Scopes Monkey Trial. It would be misleading
 to say that the theory of evolution asserts that humans came
 from monkeys; rather, apes (which are not monkeys) and hu-
mans share a common ancestor, with chimpanzees and humans
 appearing to be the most closely related (chap. ). 
 Teacher John Scopes was convinced to testify that
 he broke this law when in fact he did not remember
 actually teaching evolution in the classroom.
 Rather, he became the defendant to provide a test
 case with the support of those who wanted to chal-
lenge this law. The trial itself became a major
 public-relations event that ended in defense at-
torney Clarence Darrow calling for defendant John
 Scopes to plead guilty, which he did. Then Darrow
 and his side appealed the decision to the Tennessee
 Supreme Court to question the constitutional va-
lidity of this law. While the appeal did not result in
 retracting the law, it did result in reversing the con-
viction of Scopes on a technicality.
 The Butler Act was in force, and evolution was
 mostly not taught in schools in Tennessee until it
 was repealed in . A similar statute that pro-
hibited the teaching of human evolution in public
 schools and universities was put into law by citizen
 initiative in Arkansas in . This law was chal-
lenged in  before the US Supreme Court in the
 case of   Epperson v. Arkansas, and the law was de-
clared unconstitutional since it was found to vi-
olate the clause regarding establishing religion in
 the First Amendment. With this precedent, laws
 forbidding the teaching of evolution in public
 schools were declared unconstitutional. But be-
sides the constitutional issue of establishing a reli-
gious position in public education, such laws re-
flect the idea that evolution is at odds with biblical
 Christian faith. As we have shown in part five there
 is no apparent conflict with evolution if one starts
 with a comprehensive doctrine of creation. Fur-
thermore, the approach of forbidding the teaching
 of evolution is a path toward ignorance rather than
 understanding, meaning that students would be
 less well educated in the sciences.
 ... Balanced treatment.   The balanced-treatment
 approach states that both evolution and creation
  28 
 For a fuller account, see Edward J. Larson,   Summer for the Gods:
 The Scopes Trial and America's Continuing Debate over Science
 and Religion   (New York: Basic Books, ).
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 should be taught side by side in schools. Thus, if
 evolution is taught, creationism must also be
 taught, although it would be possible to avoid
 teaching either. This has the initial appearance of
 being fair, and this appearance of fairness has been
 attractive to many Christians who feel that a
 Christian perspective should be included in ad-
dition to the secular perspective of science. This
 approach was the basis of several state laws in the
 early s, including acts titled “Balanced
 Treatment for Creation-Science and Evolution-
Science Act” in Arkansas and Louisiana. The Ar-
kansas act was declared unconstitutional in the
 case of   McLean v. Arkansas Board of Education   in
  based on violating the clause against estab-
lishing religion in the First Amendment. The Lou-
isiana law was also challenged, and this case,   Ed-
wards v. Aguillard, went to the US Supreme Court.
 The  decision from the court said that such
 laws represent a breach of the establishment clause
 of the First Amendment, since this kind of bal-
anced treatment would establish a religious po-
sition—creationism—in schools. However, more
 significant than forbidding the establishment of a
 religious position, this decision also strengthens
 the position of teaching robust science, which is
 consistent with a comprehensive doctrine of cre-
ation, as we have seen.
 ... Evolution is just a theory.   This approach relies
 on questioning the theory of evolution because it
 is “just a theory,” challenging the firmness of evo-
lution as a factual explanation for the origin of
 species. Such an approach has been taken by
 several school districts. A particularly clear case is
 the action of the Cobb County Board of Education
 in Georgia placing a sticker on biology textbooks
 that states: “This textbook contains material on
 evolution. Evolution is a theory, not a fact, re-
  29 
  Kenneth Miller, in 
 Only a Theory: Evolution and the Battle for
 America's Soul   (New York: Penguin, ), has argued compel-
lingly that ID's version of balanced treatment arguments pro-
motes the value of fairness at the expense of truth.
 garding the origin of living things. This material
 should be approached with an open mind, studied
 carefully, and critically considered.” The use of
 these stickers was challenged in federal court and
 ruled unconstitutional in . On appeal, the de-
cision was reversed and sent back to the lower
 court for retrial, but it was settled out of court
 before reaching trial. As part of the settlement, the
 school district agreed to remove the stickers.
 The expressed goals of careful study and critical
 evaluation in the sticker statement are helpful to
 learning, and more will be said about these goals
 below. Nonetheless, it is apparent that the intent of
 the stickers was to question the validity of the
 theory of evolution, and there are two major
 problems with this approach to science education.
 First, the statement that “evolution is a theory, not
 a fact” shows a faulty understanding of the nature
 of scientific theories. Recall the fact-theory con-
fusion discussed in “Going Further: Misunder-
stood Scientific Terms” (§ ..). In everyday con-
texts we use the word   theory   for an unsubstantiated
 guess and the word   fact   when one of these guesses
 has been established. In contrast, a scientific
 theory is an explanation based on observations, so
 a theory in scientific contexts is considered to be
 more than speculation or a guess. Recall that a sci-
entific theory was defined as “a systematic body of
 knowledge (facts, premises, hypotheses, etc.) used
 for understanding some domain of the natural
 world” (§ ..). While theories are provisional ex-
planations posited by scientists, they are also
 robust explanations that are based on the data. Yet,
 when observations are discovered that do not fit
 the theory, the theory can be modified in prin-
cipled ways if it will help to accommodate those
 observations and provide a consistent logical ex-
planation (chap. ). But as we have stressed 
 throughout this book, this provisional nature of
 scientific theories does not mean that they should
 be easily discounted. They are provisional explana-
tions of observed facts that enable us to under-
stand how God's creation works.
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 Second, singling out evolution among the topics
 being covered undermines the task of teaching stu-
dents about evolution since it is identified as being
 especially problematic before even exploring it.
 Such a message can be heard by students as a
 reason for doubting what they read regarding evo-
lution rather than carefully considering the evi-
dence. Again, this would result in greater igno-
rance rather than learning and understanding.
 Perhaps more important, such stickers commu-
nicate that evolution is not genuinely scientific.
 ... Avoiding teaching evolution.   The avoidance of
 teaching evolution has been the basis of several ac-
tions by states, most notably by the state board of
 education in Kansas in . The decision here was
 not to ban teaching evolution but to not include it
 in state educational standards, meaning it would
 not be tested in standardized testing. This removed
 much of the impetus for science teachers to include
 the theory of evolution in their teaching plans. The
 major problem here is that this promotes ignorance
 rather than education. It undermines the ideal of
 fostering scientific literacy via education. Rather
 than being settled in court, this action was reversed
 as a result of not reelecting key board members who
 promoted the exclusion of evolution from the
 teaching standards. The newly elected board re-
stored evolution to the state educational standards.
 ... Intelligent design as a scientific alternative.   In-
telligent design is typically presented as an alter-
native to undirected evolution (chap. ). ID advo- 
cates often criticize Darwinism and Neo-Darwinism
 as inadequate to explain complex phenomena that
 have an apparent purpose and thus seem to be in-
tended rather the result of chance conceived as
 lawless chaos. This way of thinking is attractive to
 some people of faith who want to attribute design
 to a personal Creator. As a result, many Christians
 have advocated considering ID as an alternative to
 evolution. Many attempts were made in the s
 and early s at local and state boards of edu-
cation and state legislatures to enact laws to allow
 for ID to be offered as a scientific alternative. This is
 similar to the balanced-treatment approach de-
scribed above, except that the balanced-treatment
 approach generally utilized a young-Earth-creation
 view, while the ID view does not specify the age of
 creation.   It also avoids the weakness of not
 teaching anything about evolution.
 This approach was put into place in the Dover
 Area School District in November . The policy
 approved in Dover required teachers to read the
 following statement to students in the ninth-grade
  biology class: 
 The Pennsylvania Academic Standards require
 students to learn about Darwin's Theory of Evo-
lution and eventually to take a standardized test
 of which evolution is a part.
 Because Darwin's Theory is a theory, it con-
tinues to be tested as new evidence is discovered.
 The Theory is not a fact. Gaps in the Theory exist
 for which there is no evidence. A theory is de-
fined as a well-tested explanation that unifies a
 broad range of observations.
 Intelligent Design is an explanation of the
 origin of life that differs from Darwin's view. The
 reference book, Of Pandas and People, is available
 for students who might be interested in gaining
 an understanding of what Intelligent Design ac-
 tually involves. 
 With respect to any theory, students are en-
couraged to keep an open mind. The school
 leaves the discussion of the Origins of Life to in-
dividual students and their families. As a Stan-
dards-driven district, class instruction focuses
 upon preparing students to achieve proficiency
  on Standards-based assessments. 
 Science teachers refused to read this statement in
 class, so it was read to students by a school admin-
istrator. Later the parents of one of the students
  30 
 Most ID proponents accept an ancient age for the Earth and
 universe as indicated by the scientific evidence.
  31 
 Kitzmiller et al. v. Dover Area School District, :-cv--JEJ
 (December , ), www.pamd.uscourts.gov/sites/pamd 
  /files/opinions/vd.pdf. 
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 took the school district to court in a case to test the
 legality of this approach. The judge in this case
 ruled in December  that ID was a form of cre-
ationism and that it would be inappropriate to re-
quire it to be taught in public schools. Even though
 this case was limited to Dover, it also established
 precedence against further attempts to include ID
 as an alternative to evolution in public education.
 One aspect at issue is whether ID is a competing
 scientific theory. At present it has not reached the
 level of theory, since ID does not really present any
 scientific explanation for origins, instead positing
 a directed intelligent cause for the appearance of
 purposeful, complex phenomena in living or-
ganisms (§ .) as well as in the universe as a
 whole. Thus, rather than a scientific theory, it is
 primarily a philosophical view of reality. The
 question is whether this is a helpful philosophical
 view and whether the design that is so apparent in
 the world can be shown empirically to be caused
 by an intelligent cause. As discussed in chapter 
  twenty-eight, ID as a faith proposition seems to be 
 an essential outcome of a narrowed doctrine of cre-
ation, but ID as an empirically testable scientific
 concept is inconsistent with science itself as a way
  of interpreting creation. 
 In addition, notice that the Dover statement
 suffers from several confusions regarding scientific
 theories—for instance, “Because Darwin's Theory
 is a theory, it is still being tested as new evidence is
 discovered.” Scientific theories are always being
 tested and refined (§ ..), and evolution is no dif-
ferent from any other scientific theories in this
 regard. But the statement singles out evolution as
 if its status is different from all other theories. The
 phrase “The Theory is not a fact” presupposes the
 everyday understanding of theory (as we saw in
 section ..) where a “theory” turns into a “fact”
 once it has been “proven.” And although “Gaps in
 the Theory exist for which there is no evidence” is
 explicitly designed to open the door for ID's ques-
tionable claims regarding irreducible complexity
 (§ .), all scientific theories are unfinished works
 in progress. There is nothing remarkable about
 evolution in this regard. The Dover statement un-
dermines students' understanding of scientific
 theories similar to equal-time approaches and the
 Cobb County textbook stickers.
 ... Teaching the controversy.   Some of the above
 approaches included the idea of “teaching the con-
troversy”—that is, exploring the theory of evo-
lution but considering areas where details of this
 theory are in controversy. This approach is epito-
mized in an amendment proposed by Senator Rick
 Santorum, Republican from Pennsylvania, to a bill
 that became the No Child Left Behind Act of .
 The amendment was taken out of the bill and
 placed in the conference report and thus was not
 part of the final legislation that was enacted. In its
 final form, the amendment reads:
 The Conferees recognize that a quality science
 education should prepare students to distinguish
 the data and testable theories of science from re-
ligious or philosophical claims that are made in
 the name of science. Where topics are taught that
 may generate controversy (such as biological evo-
lution), the curriculum should help students to
 understand the full range of scientific views that
 exist, why such topics may generate controversy,
 and how scientific discoveries can profoundly
  affect society. 
 The language in this amendment does reflect
 some helpful ideas in how to approach science
 education in general. Nevertheless, by giving the
 example of biological evolution as a topic that
 engenders controversy, it also targets that par-
ticular issue, singling out the teaching of evo-
lution in schools. There are scientific contro-
versies regarding evolution, but these
 controversies represent different ways of explaining
 the mechanisms or course of evolution, not the
 overall theory (e.g., chap. ). As presented, this 
  32 
 Congressional Record Proceedings of the th Congress, st ed.,
 vol. , no.  (June , ).
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 amendment seems to appeal only to those who
 would want to overturn evolutionary theory for
 other than scientific reasons.
 The “teach the controversy” approach is also
 evident in a variety of bills that have arisen in
 various state legislatures that can be called aca-
demic freedom acts. Some of these acts have lan-
guage that is reminiscent of the “just a theory” ap-
proach. Others seem to be more oriented toward
 offering alternatives, although ID is usually not
 mentioned because of the precedent set by the
 ruling on the Dover case. In all of these variations,
 the “controversies” in this approach almost always
 turn out to be disagreements opponents have with
 evolution rather than actual scientific questions.
 Besides evolution, global climate change is also
 often named as a “controversial issue.”
 ... Teaching evolution as science.   This approach is
 nicely described by the following resolution passed
 by the American Scientific Affiliation (ASA) in
 .   The ASA is an organization of Christians in
 science. The text of the resolution is:
 On the basis of the considerations stated above,
 and after polling the membership on its views,
  the EXECUTIVE COUNCIL of the AMERICAN 
 SCIENTIFIC AFFILIATION hereby directs the
 following RESOLUTION to public school
 teachers, administrators, school boards, and pro-
ducers of elementary and secondary science text-
books or other educational materials:
 BECAUSE it is our common desire to promote
 excellence and integrity in science education as
 well as in science; and
 BECAUSE it is our common desire to bring to
 an end wasteful controversy generated by inap-
propriate entanglement of the scientific concept
 of evolution with political, philosophical, or reli-
 gious perspectives; 
 WE STRONGLY URGE that, in science edu-
cation, the terms evolution and theory of evo-
  33 
 American Scientific Affiliation, “A Voice for Evolution   as Sci-
ence,”   Perspectives on Science and Christian Faith    (December
  ): . 
 lution should be carefully defined and used in a
 consistently scientific manner; and
 WEFURTHERURGE that, to make classroom
 instruction more stimulating while guarding it
 against the intrusion of extra-scientific beliefs, the
 teaching of any scientific subject, including evolu-
tionary biology, should include () forceful pre-
sentation of well-established scientific data and
 conclusions; () clear distinction between evi-
dence and inference; and () candid discussion of
 unsolved problems and open questions.
 The strengths of this resolution lie in recog-
nizing the nature of science, including appropriate
 use of the term   theory, defining evolution clearly,
 distinguishing between evidence and inference,
 and recognizing areas that are poorly described or
 have unanswered questions. This is in contrast to
 approaches that either weaken science by defi-
nition, such as proposing ID as a scientific
 alternative,   or treat science as the answer to all
 questions (scientism). It does incorporate the idea
 of teaching the controversy, but it does so in the
 context of science as a way of understanding the
 natural world while avoiding perceived religious
 and political controversies that tend to polarize the
 topic so much that the search for understanding
 the world is lost in the process. This also largely
 describes the approach we have taken in this book,
 drawing on the doctrine of creation to understand
 science-theology relations and how to see the sci-
ences as robust contributors to our understanding
  of God's creation. 
 ... Theological perspective.   All the approaches
 surveyed, except for the last, have in common that
 they focus on alternatives to evolution rather than
 understanding the theory, the actual science
 behind it, and the open questions biologists are
 pursuing. This likely is because these approaches to
 teaching evolution are motivated by religious and
 philosophical concerns about the theory rather
 than scientific issues. Our approach in this book
  34 
  Miller, 
  Only a Theory. 
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 also is religiously motivated, but the difference is
 starting with a comprehensive doctrine of creation
 rather than a narrow one. We have argued that a
 comprehensive doctrine of creation motivates
 taking contemporary scientific theories, such as
 evolution, seriously and trying to understand how
 these theories can illuminate the properties and
 processes of creation. Consistent with the ASA's
 resolution, this is an approach that private and
 Christian schools could take to help their students
 understand both of God's great books (chap. ). 
  33.4. HOW TO HAVE FRUITFUL 
  SCIENCE CONVERSATIONS 
 In many Western societies people feel significant
 tensions between Christianity and modern science.
 It is easy to bemoan the fact that discussions and
 debates on these topics tend to shed more heat
 than light (e.g., approaches ..- tend to gen-
erate such heat). As we come to the end of this
 book, we would like to offer some advice and en-
couragement for how to have fruitful conversations
  about the sciences. 
 ... With Christians.   First, we would emphasize the
 importance of leading with good theology. Al-
though there is a tendency to focus on the scientific
 issues, many Christians are not sure whether the
 sciences are friend or foe, while some Christians
 are deeply suspicious of anything scientists have to
 say. Therefore, beginning with a scientific theory
 and evidence, no matter how compelling that
 might seem to you, is a nonstarter for lots of Chris-
tians. Our experience has been that leading with
 theology—such as a comprehensive doctrine of
 creation (chap. )—avoids starting the conver- 
sation off on a topic of fear or controversy. Instead,
 we are able to frame a Christian context for dis-
cussion where we have shared confidence and can
 put scientific issues into proper perspective: as
 issues about God's creation and our explorations of
 the created world. Good theology helps our con-
versations to focus on how none of the sciences of
 origins discussed in this book pose any threat to
 God's existence or sovereign work in and through
  the created world. 
 Frankly, many Christians are fearful that an ex-
ploration of the science of origins will lead them
 away from their Christian faith. Thus it is helpful
 to start with a comprehensive doctrine of creation
 that is based on sound principles of biblical inter-
pretation and theology. With the foundation of
 faith maintained or even strengthened, then, it can
 be helpful to show that the enterprise of science is
 not to be feared but celebrated as elaborating more
 of how God's creation works. The testimony of
 most Christians in the sciences, including the au-
thors of this book, is that a deeper understanding
 of creation, both as a theological doctrine and a
 scientific explanation, can lead to a more solid faith
 and a more satisfying understanding of both the
 Creator and the creation.
 Second, and equally important, fruitful conver-
sations require shared commitment to sound prin-
ciples of biblical interpretation (chap. ). Much of 
 the controversy surrounding scientific results in
 Christian circles is generated by variances in bib-
lical interpretations—particularly regarding the
 early chapters of Genesis. Hence, it is important to
 examine our principles of interpretation and un-
derstand the role they play in our attitudes and ap-
proaches toward the sciences. Most importantly,
 we must have a commitment to interpret in such a
 way that we maintain a link to the authority that
 God has vested in the author. This means that we
 can neither build a science out of the text nor read
 a science into the text, because both of those strat-
egies (very common today) ultimately supply
 meaning to the text that does not proceed from the
 authoritative communication of the human author.
 Third, in light of good theology and sound prin-
ciples of interpretation, it is important to realize
 that forcing a choice between evolution and cre-
ation, say, or the Big Bang and creation is actually
 like pursuing malformed questions such as “Do
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 you walk to school or carry your lunch?” or “Is it
 farther to Buffalo than by bus?” A question like
 “Which is true, evolution or creation?” may not
 evoke the same amusement as nonsense questions
 like these, but it is just as inappropriately posed.
 Obviously, it is possible to walk to school   and   to
 carry your lunch. The distance to Buffalo bears no
 relationship to the means of travel used to go there.
 In a similar manner, the Big Bang is the current
 scientific description of the universe's origin, but
 its truth or falsehood has essentially no bearing on
 the validity of the theological statement that God
 is the sovereign Creator of all that exists. Creation
 and evolution are not alternative answers to the
  same question. 
 ... With non-Christians.   When we interact with
 non-Christians, we face a variety of hurdles.
  Among them: 
 •
 People may resist new beliefs.
 •
 We may face difficulties in explaining what
  Christians believe. 
 •
 Lifestyle issues can be an obstacle.
 It is not unusual for nonbelievers who have de-
veloped some interest in Christianity to think that
 Christians must adopt a primitive science, re-
jecting many of the facets of mainstream science
 we have been describing in this book. One of the
 strategies that we should have in mind is to elim-
inate such hurdles that they might imagine. Once
 non-Christians learn that they will not have to give
 up intellectual ideas that they have found per-
suasive, doors to conversation may open up. At all
 costs we must avoid encumbering the gospel with
 extraneous shackles that have no part in it.
 For instance, non-Christians often start a con-
versation about science issues with the assumption
 that the Bible is incompatible with contemporary
 scientific understandings. In this book we have
 tried to show that this assumption is unfounded.
 One of the most helpful things we have found in
 talking with non-Christians is to start a conver-
sation by emphasizing how Christians who take
 the Bible seriously have come to a variety of dif-
ferent views about Christianity and science.
 Helping non-Christians realize that there are op-
tions for the Christianity-science relationship that
 take the Bible seriously not only helps reduce the
 tensions they feel but also can open the door for
 sharing the gospel in a way that is free from per-
 ceived scientific baggage. 
 Often non-Christians come to a conversation
 about science and religion with the idea that if there
 is a scientific explanation for how something hap-
pened, then that excludes God. For example, if sci-
entists have an explanation for how the Earth
 formed (chap. ), then there is no need for God. The 
 non-Christian might think that the sciences appear
 to be explaining more and more about origins, so
 God is out of a job, so to speak. A superfluous God
 is an unneeded God is a nonexistent God, so the rea-
soning goes. But we can see that this line of thought
 assumes the triune God is the same kind of cause as
 the sciences study and explain. The more we can
 help the non-Christian see that God is not like our
 physical causes at all (Creator/creature distinction,
 §
 ..) and that the triune God works through
 natural processes (§ ..)—as we have tried to il-
lustrate in this book—the more this obstacle to non-
Christians being able to think seriously about God is
 removed. Furthermore, this thinking can also be
 related to the different kinds of existence and being
 questions discussed in sections . and ., where
 there is more to the universe than what the sciences
 are designed to explore (§ .).
 With the non-Christian who has accepted the
 atheistic line that only science matters and that
  35 
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 religious faith of any kind is “whistling in the dark,”
 a broader apologetic is required. The ultimate
 question to be asked by you or any thoughtful
 person involves the meaning of existence—of not
 just you but everything. If this world is truly simply
 an accident, “a tale told by an idiot,”   in Shake-
spearean terms, then there is no ultimate value in
 anything, and that includes all the sense of truth
 and beauty that we humans experience in our art,
 music, literature . . . and science. But if, as we have
 been elaborating in this chapter, there is a telos—a
 purpose for this grand universe—and the triune
 God is in the process of fulfilling that purpose in
 creation, then that must be part of the conversation
 in the science-faith dialogue. It is critically im-
portant that we share with our non-Christian
 friends this broader perspective on the questions
 raised by the science of origins.
 As a final reflection, pointing to good science
 done by Christians can help our general credibility
 with non-Christians—both in and outside the sci-
ences—when accompanied by the testimony that
 we reject the conflict approach of opposing the
 Bible to science (§§ .-.).
 The credibility of Christianity among non-
Christians in the sciences has been particularly
 damaged by the perception that religion and
 science are in conflict. Both Christians and non-
Christians have contributed to this misperception.
 Hence, this misperception needs to be addressed
 for such scientists, and science-minded laypeople,
 to even consider Christianity. The assumption of
 conflict has resulted in what appears to be a wid-
ening gulf between scientists and the general
 public. One outcome is that a large percentage of
 the general public questions evidence-based scien-
tific explanations on important topics. Scientists
 find themselves puzzled and frustrated by the low
 scientific literacy of the general public, and often
 these differences seem to be based on religious ide-
ologies. Therefore, many scientists tend to reject
  36 
 William Shakespeare,   Macbeth, Act , Scene .
 religion because of the apparent conflict in religion
 and science. However, this only deepens the divide
 in this apparent conflict. Similarly, many in the
 public assume that most scientists are atheists and
 that their findings are guided by an atheistic phi-
losophy. The publication of books such as   The God
 Delusion   by scientist Richard Dawkins only rein-
forces the assumptions of those on both sides of the
  conflict view. 
 Nevertheless, this overall perception of conflict
 many scientists hold breaks down under closer ex-
amination. A helpful example of this is found in
 the work of sociologist Elaine Howard Ecklund,
 who surveyed natural and social scientists at elite
 universities for their views on how science and re-
ligion can be related.   From her study of seventeen
 hundred scientists, with additional one-on-one
 conversations with  of them, she was able to
 explore attitudes and beliefs of these scientists in a
 way that provided a much more nuanced and
 complex understanding. While her findings did
 show that these scientists are less religious than the
 general US population, she also found a much
 greater engagement with religious and spiritual
 beliefs than many people realize.
 For instance,  percent of scientists do not claim
 a religious affiliation, compared to  percent of the
 US population at the time of this survey (–
 ). Furthermore,  percent of scientists do not
 believe in God, compared to  percent of the general
 public, and only  percent of the scientists surveyed
 identified as evangelical Christians, compared to 
 percent of the US population. It is helpful to note
 that a minority of scientists claims to be atheists, and
 it is possible that this percentage would be even
 lower if asked of scientists in general rather than
 those in the selected elite universities. In her inter-
views Ecklund found that some scientists did
 support the view that science should overcome re-
ligion, which is an outcome of a conflict perspective.
  37 
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 Science vs. Religion: What Do Scientists
 Really Believe?   (Oxford: Oxford University Press, ).
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 Yet others found a useful place for religion in rela-
tionship to science. Still others were not concerned
 with blotting out religion but just found religion to
 be of no interest or use. How might these findings be
 helpful for engaging scientists and science-minded
 laypeople about Christian faith?
 One helpful pattern, highlighted by Ecklund, is
 exemplified by those scientists who act as
 “boundary pioneers”—that is, those who success-
fully engage both science and religion across the
 perceived divisions.   Some of these pioneers do so
 as advocates of Christianity, while others use the
 language of religion without being specific about
 their own beliefs. Thus scientists who would allow
 for a useful place for religion can look to such
 boundary pioneers to help define what a fruitful
 engagement between religion and science might
 look like. For some scientists, this may be a way to
 develop a better personal understanding of how to
 relate their scientific understanding with their re-
ligious or spiritual impulses or longings. Other
 scientists would like to know better how to popu-
larize their work for the general public in a way
 that will not alienate those with religious views, or
 how to deal with students who come to their
 classes with religious commitments that the stu-
dents perceive to be in conflict with what they are
 learning in these science classes. In this book we
 have attempted to engage that boundary from a
 distinctively biblical Christian perspective that
 gives credence to evidence-based scientific findings
 as a reflection of both creation revelation and bib-
lical revelation. We hope that this endeavor pro-
vides a helpful model for engagement of these per-
ceived boundaries in a way that is based on the best
 understandings of science and Christian faith.
 For those scientists, and science-minded lay-
people, who hold the view that science should
  38 
  Ecklund, chap. . 
 overcome religion in general and Christianity in
 particular, a more personal approach may be
 helpful. Since this conflict view of scientism is
 often a reaction to the views of Christians who hold
 a Bible-first approach (§ .), it would be helpful
 for scientists and science-minded laypeople to
 have colleagues who are committed Christians
 while holding a partial-realms view (§ ..). In
 such a collegial relationship, it would be possible
 for the Christian in science to exhibit the scholarly
 virtues of an accomplished scientist, applying cu-
riosity, creativity, and solid scholarship, while
 having a Christian faith that supports their scien-
tific endeavors. Given that only  percent of the
 scientists Ecklund surveyed are evangelical Chris-
tians, most scientists may not see this combination
 of scientific acumen and Christian faith. None-
theless, having such a respected colleague—and
 even better, a collaborator—who has a Christian
 faith that enables their scientific vocation would
 allow an opportunity for the nonbelieving scientist
 to see that Christianity does not need to result in
 rejecting science. Moreover, such collegial relation-
ships typically go beyond the professional aspects
 of working together to personal aspects of social-
izing together and caring for each other's needs.
 An important component of the witness of
 Christians in the sciences is a developed, nuanced
 view of science and Christian faith, such as that
 based on a comprehensive doctrine of creation
 (chap. ). Therefore, we hope that more Christians 
 will choose to become scientists and that these
 Christians will embrace a full-throated under-
standing of the sciences as a way to better under-
stand God's creation and will share that with their
 nonbelieving science colleagues. As well, we hope
 that everyone who reads this book will be enabled
 to be a loving witness to their science-minded non-
Christian friends and colleagues.
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 abiogenesis:   The origin of life from inorganic or in-
 animate substances. 
 absolute (intrinsic) luminosity:   The amount of light a
 source emits per second at its surface.
 acetogens:   Microorganisms that produce acetic acid
 (or acetate) as a product of their metabolism.
 actualism:   (geology) Interpretive framework used to
 understand events in geologic history as occurring
 by known natural processes. Natural catastrophic
 processes are accepted in actualism, in contrast to
 versions of   uniformitarianism, in which cata-
strophic explanations are suspect or excluded.
 allele:   Alternate forms of a gene; for example, with a
 gene that codes for flower color, one allele encodes
 for white flowers and another for purple flowers.
 allopatric speciation:   Speciation while geographically
  isolated. 
 amino acid:   An organic compound that contains both
 an amine group (-NH) and a carboxylic acid
 group (-COOH). If both groups are on the same
 carbon, the compound is known as an α-amino
 acid. α-amino acids are the monomers in proteins.
 amphiphilic:   A term describing a compound that pos-
sesses both water-loving (hydrophilic) and fat-
 loving (lipophilic) properties. 
 anabolism:   The synthesis of larger molecules from
 smaller molecules by organisms, requiring the
  expenditure of energy. 
 analogous structures:   Biological features that share a
 common function but are thought to share a dif-
ferent evolutionary origin, such as wings in bats
 and birds and wings in insects. Contrast to   ho-
 mologous structures. 
 ancient Near East:   The civilizations of Egypt, the
 Levant, and Mesopotamia (Sumerians, Babylo-
 nians, Assyrians, etc.). 
 anthropic principle (weak version):   Our existence as
 carbon-based, intelligent life forms who can ob-
serve the universe implies that the universe is
 finely tuned for life.
 anticodon:   The group of three nucleotides in transfer
 RNA that are complementary to a codon in mes-
 senger RNA. 
 apparent brightness:   The brightness of a light source
 measured by a light meter some distance away.
 archaea:   A domain of single-celled prokaryotic or-
ganisms, believed to have an ancient lineage.
 Archean Eon:   The eon of geologic time between .
 and . Ga, corresponding with the oldest rocks
 on Earth and the emergence of the first continents.
 Life in the Archean was limited to microbes.
 aromatic:   A class of organic compounds that have an
 alternating single/double bond arrangement in a
 ring structure. Aromaticity imparts extra sta-
bility and comes with a planar arrangement of
  the ring atoms. 
 artificial selection:   Selection by humans for various
 traits in a population that results in change in the
 population, such as development of various
 breeds of animals and plants for human use.
 assortative mating:   Nonrandom mating in which or-
ganisms that are more similar in phenotype tend
  to mate together. 
 asthenosphere:   The layer of the Earth's upper mantle
 located below the   lithosphere, where rocks expe-
rience temperature and pressure conditions pro-
moting ductile behavior (i.e., rock flows very
 slowly as a plastic under stress).
 astrobiology:   The branch of biology concerned with
 the study of life on earth and in space.
 australopith:   Informal name for the group of fossil
 hominins belonging to the genera   Australopithecus,
 including   A. afarensis   and   A. africanus. Australo-
piths lived on Earth between . and . Ma.
 autocatalysis:   The form of catalysis in which the
 product of a reaction serves as a catalyst that
 speeds up the reaction itself, thereby leading to
 an exponential growth in the rate of production
  of product. 
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 autotroph:   An organism capable of synthesizing its
 own food from inorganic substances using light or
  chemical energy. 
 bacteria:   Prokaryotic organisms that belong to the
 domain Bacteria. Singular: bacterium.
 basement:   (geology) Igneous and metamorphic rocks
 that are generally the oldest known rocks in a
 region, either covered by younger sedimentary
 rocks or exposed at the surface.
 basin:   (geology) A depressed region of the Earth's crust
 where long-term subsidence allows for the accumu-
lation of thick sequences of sedimentary rock.
 Big Bang:   The beginning of our universe, where an
 explosion of spacetime causes the matter-energy
 of the universe to expand uniformly in all direc-
tions as space is created.
 biogeography:   The pattern of distribution of living
 organisms according to geographical location.
 bipedal:   Describes movement by an organism on
  two legs. 
 blackbody radiation:   Radiation that perfectly reflects
 the source it is emitted from.
 bottleneck effect:   The loss of genetic diversity as a
 result of the reduction of a population to a
  smaller size. 
 Cambrian explosion:   An expression that describes the
 sudden appearance of diverse kinds of animals in
 the Cambrian Period of the fossil record.
 carbonate minerals:   Composed of carbon and oxygen
 typically combined with calcium and magnesium,
 such as calcite and dolomite. Limestone and do-
lostone are typical rocks referred to as carbonates.
 catabolism:   The breakdown of complex molecules in
 living organisms to form simpler ones, accom-
panied by the release of energy.
 catalyst:   A molecule that causes a reaction to speed
 up without itself undergoing change in the course
  of the reaction. 
 catastrophism:   Interpretive framework used to un-
derstand particular events on a global or cosmic
 scale in geologic history as occurring by extraor-
dinary (catastrophic) processes, requiring either
 unknown or supernatural forces.
 Cenozoic Era:   An era of geologic time from the present
 to  Ma, belonging to the Phanerozoic Eon. The
 Cenozoic is often referred to as the age of mammals.
 chemiosmosis:   The movement of hydrogen ions across
 a membrane from higher to lower energy, re-
sulting in a storage of the energy produced in the
  form of ATP. 
 chemoautotrophs:   Organisms capable of synthesizing
 food from inorganic substances using chemicals
 as the source of energy.
 chiral:   A characteristic of molecules whose mirror
 images are not superimposable. They possess the
 same symmetry properties as the human hand.
 chloroplast:   A plastid with green pigments, as found
 in green algae and plants.
 chromosome:   A long molecule of DNA, which en-
codes for many genes; may be in linear form, as in
 eukaryotes, or in circular form, as in prokaryotes.
 circumstellar disk:   Flat, rotating disk of gas and rocky
 material orbiting a star that contributes to planet
 formation (also known as circumsolar disk).
 classical period:   The civilizations of the ancient Greeks
  and Romans. 
 codon:   A sequence of three nucleotides that to-
gether form a unit of genetic code in a DNA or
  RNA molecule. 
 colloid:   A homogeneous, non-crystalline substance
 consisting of large molecules or ultramicroscopic
 particles of one substance dispersed through a
 second substance. The particles do not settle and
 cannot be separated out by ordinary filtering or
 centrifuging like those in a suspension.
 common descent:   The idea that the many kinds of
 living organisms all share a common ancestor.
 compartmentalization:   The initiation of cell for-
mation in the origin of life.
 concordism:   An interpretive framework presupposing
 that biblical texts and scientific statements are cor-
related, that biblical texts have scientific import, or
 that we should expect to find close parallels be-
tween biblical texts and scientific statements.
 contextual negation:   A set of hypotheses shares the
 same set of presuppositions that form the context for
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 the line of inquiry of an experiment. The only ne-
gation is the contents of the alternative hypotheses.
 continental drift:   The apparent movement of conti-
nents on the Earth throughout geologic history. In
 fact, the continents move with surrounding ocean
 crust as part of larger lithospheric plates in the
 global system of plate tectonics.
 contingent rationality:   The creation is dependent on
 the sustaining will of the Son for its continued
 existence. Moreover, God freely and lovingly
 chose the particular nature creation has.
 core:   A spherical zone at the center of the Earth with
 a radius of some , kilometers composed
 mostly of iron with nickel. The inner core, with
 a radius of , kilometers, is solid. The outer
 core, , kilometers thick, is an extremely
  dense liquid. 
 cosmic microwave background radiation:   Photons that
 were freed from reflecting off matter at about the
 ,-year point in the universe's history.
 cosmological principle:   The universe is homogeneous
 (properties such as the density of matter are mea-
sured to be the same everywhere as distance
 scales increase) and isotropic (properties such as
 the density of matter are observed to be the same
 in every direction as distance scales increase).
 cranial capacity:   Volume within the skull (cranium)
 filled with the brain, generally reported in cubic
  centimeters (cm). 
 craton:   Remnant of most ancient continental crust
 formed during the Archean and Proterozoic Eons,
 generally older than one billion years and typi-
cally located in continental interiors surrounded
  by younger crust. 
 creation revelation:   Specific, detailed knowledge
 about creation revealed through creation.
 creationism:   Interpretive framework for under-
standing origins (i.e., cosmos, earth, life, humans)
 as products of divine creation, with some versions
 promoting special creation (by supernatural in-
terventions) and denying creation through
  natural processes (YEC). 
 Creator/creature distinction:   God's infinite, eternal
 being is qualitatively distinct from the created
 being of all created things.
 crossing over:   In meiosis, portions of homologous
 chromosomes can cross over, resulting in the ex-
change of portions of the chromosomes from one
 homologous chromosome to the other and re-
sulting in a new combination of alleles.
 crust:   The outermost layer of the Earth, composed
 mostly of low-density silicate minerals.
 crystal:   A solid material composed of atoms arranged
 in a highly ordered, three-dimensional array that
 extends in all directions.
 cyanobacteria:   Microorganisms capable of photosyn-
thesis, responsible for converting carbon dioxide
 into oxygen in early Earth atmosphere.
 D-ribose:   The five-carbon sugar used universally in
 extant life to form nucleic acids. In the case of
 DNA, one oxygen atom is removed, hence the
 term deoxy- is used to refer to the polymer.
 decay constant:   A value that states the probability that
 a given radioactive atom will decay within a stated
 time, with the unit time–.
 differentiation:   (planetary) The process during early
 planet formation involving the separation of ma-
terials of different densities into discrete compo-
sitional layers, such as core, mantle, and crust.
 diploid:   The state in the nucleus of a cell of having two
 sets (n) of chromosomes.
 distance-luminosity relation:   measured luminosity
 =
 (intrinsic luminosity) / (distance from the source).
 dominant trait:   A trait that shows up in an organism
 with a dominant allele, whether homozygous or
 heterozygous for that allele.
 Doppler shift:   (shift in wavelength) / (wavelength of
 source) = (radial velocity of source) / (speed of light).
 electromagnetic spectrum:   The intensity of electro-
magnetic radiation as a function of wavelength.
 enantiomeric excess (ee):   The condition in a sample of
 a chiral substance in which one of the two forms
 (one of the enantiomers) is present in a pro-
portion exceeding  percent.
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 encapsulation:   The confinement of an organism's con-
stituents within a cell membrane. A synonym of
  compartmentalization. 
 endogenous:   Having an internal (or terrestrial) origin.
 endosymbiosis:   The arrangement of symbiosis (living
 together) in which the symbiont lives inside the
 cell of the host.
 endosymbiotic theory:   The explanation that mito-
chondria and chloroplasts arose from endosym-
 biotic bacteria. 
 enzyme:   A protein that enables biochemical reactions
 to proceed by acting as a catalyst.
 eon:   The longest divisions of geologic time, composed
  of eras. 
 equilibrium:   In chemical terms, this describes the
 situation when a system has reached its minimum
 “free energy” (G), hence there is no longer any
 driving force for change. Generally the equi-
librium is a dynamic one in that reactions con-
tinue to occur in opposite directions but at equal
 rates resulting in no net change.
 equivalence principle:   Inertial mass is the same as
  gravitational mass. 
 era:   Subdivisions of eons; a specified interval of geo-
logic time consisting of a particular set of periods.
 For example, the Mesozoic Era consists of the Tri-
assic, Jurassic, and Cretaceous Periods.
 eukaryote:   Biological organisms that have a mem-
brane-bound nucleus within their cells, including
 plants, animals, and fungi.
 evolutionism:   A philosophical view that evolution has
 explained so much about the origin of species in
 natural terms that there is no room for God to act
  or even exist. 
 exogenous:   Having an external (or extraterrestrial)
  origin. 
 exon:   The parts of a gene in which the DNA is tran-
scribed to make an RNA transcript, and which
 remains to be translated to make protein.
 extant:   To be an organism or group of organisms
 living on Earth today.
 extinction:   The total elimination of an organism or
 group of organisms from existence on the Earth.
 Mass extinctions involve a dramatic reduction in
 the abundance and diversity of life on Earth over
 a short span of time in geologic history.
 felsic:   Refers to the chemistry of magmas and rocks
 consisting of  to  percent silica by weight with
 minerals such as sodium- and potassium-rich
 feldspars and quartz. Typical felsic rocks include
  rhyolite and granite. 
 Fischer-Tropsch process:   A process used commercially
 to synthesize long chain hydrocarbons. In origin-
of-life science, some believe a similar process oc-
curred naturally to provide starting materials for
 the bilipid cell membranes.
 fitness:   In relation to natural selection, fitness is the
 amount of genetic contribution made to the next
  generation. 
 flood geology:   Interpretive framework for under-
standing the origin of most sedimentary rocks
 containing fossils and major landforms of the
 Earth as having formed during and immediately
 after a catastrophic global deluge, following the
 account of Noah's flood in the Bible.
 fossil:   The remains of an organism in rock, either rep-
resenting body parts (shells, bone, etc.) or traces
 such as footprints or burrows.
 founder effect:   The colonization of a new habitat by a
 small founding population, typically resulting in
  genetic drift. 
 free energy (G):   The energy free to do work. It repre-
sents a measure of chemical energy, an analog of
 physical potential energy, which is at a minimum
  at chemical equilibrium. 
 frequency:   The number of crests or oscillations of a
 wave per second. Numerically, frequency = (wave
  speed) / (wavelength). 
 frequency-energy relation:   photon energy = (Planck's
 constant) × (photon frequency).
 functional integrity:   Creation has the causal capac-
ities to both be itself and to create components
 of itself, so creation can accomplish what the
 Father intends it to accomplish in the Son
  through the Spirit. 
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 gas giant:   Massive planet (tens to thousands of times
 the volume of Earth) composed mostly of hy-
drogen and helium with a small rocky core. Gas
 giants Jupiter, Saturn, Uranus, and Neptune
 occupy the outer portion of our solar system.
 gene:   A sequence of DNA that functions as the basic
 unit of heredity, encoding for a protein or an RNA
  molecule. 
 gene flow:   Movement of genetic information from
 one population to another by migration.
 general revelation (natural revelation):   General
 knowledge of God disclosed through nature.
 genetic drift:   Change in allele frequencies in a small
  population by chance. 
 genome:   All of the DNA in a cell of an organism, in-
cluding DNA in the nucleus, mitochondria, and
  plastids. 
 genotype:   The genetic makeup, in terms of alleles of
 a particular gene, of an organism.
 geocentric cosmology:   The Earth stands at the center
 of the universe, with everything else orbiting it.
 geologic column:   A general term for the succession of
 rocks and fossils on the Earth that formed over
  geologic history. 
 geologic period:   Subdivision of geologic time of spec-
ified length, distinguished by systems of rocks and
  assemblages of fossils. 
 germ cells:   Cells that are set apart from somatic cells
 and give rise to gametes for reproduction of the
  next generation. 
 glycosidic bond:   In nucleotides, the bond between the
 sugar, ribose, and the nucleobase.
 gradualism:   The concept in geology of slowly acting
 natural processes. Gradualism is often conflated
 with uniformitarianism when there is an em-
phasis on slowly acting processes to the exclusion
 of episodic or catastrophic natural processes.
 gravitational mass:   The weight of an object divided by
 the acceleration of gravity.
 habitable zone:   The distance from a star in a solar
 system in which planets may harbor conditions
 favorable for life (generally where water may exist
 in solid, liquid, and gas phases).
 half-life:   The amount of time required for half of a
 quantity of radioactive atoms to decay from some
  original population. 
 haploid:   The state in the nucleus a cell of having a
 single set (n) of chromosomes.
 Hardy-Weinberg equilibrium:   The mathematical de-
scription that shows that the genetic makeup of a
 population will not change (i.e., the population
 shows no evidence of evolving) if certain condi-
 tions are met. 
 heliocentric cosmology:   The Sun stands at the center
 of the universe, with everything else orbiting it.
 hematite:   An common iron oxide mineral of compo-
 sition FeO. 
 heterogenesis:   Historically, the version of sponta-
neous generation that involved the development
 of living forms from nonliving matter that had
  previously been alive. 
 heterotroph:   An organism that obtains its food con-
suming complex organic substances. In extant
 organisms these substances are generally ob-
tained from other living sources. In origin-of-life
 theory, the complex organic substances would
 have existed in the “primordial soup.”
 heterozygous:   The genetic state of having two dif-
ferent kinds of alleles present of the two copies of
 a particular gene in a diploid cell.
 homeobox:   A particular sequence of  base pairs of
 DNA that encodes for a  amino acid protein se-
quence found in certain homeotic genes.
 homeotic gene:   A gene that acts as a master regulator
 to determine the form of the organism as it develops
 homeotic mutation:   A mutation in a homeotic gene
 that results in the formation of a normal structure
 in the wrong place.
 hominid:   Species that are classified in the family Ho-
minidae, which currently includes humans and
 the great apes (chimpanzees, gorillas, and orang-
utans) as well as additional extinct species known
 from the fossil record.
 hominin:   Species that are classified in the tribe Hom-
inini, which currently includes humans as well as
 additional extinct bipedal forms known from the
  fossil record. 
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 homologous chromosomes:   The same kind of chro-
mosome as found in a diploid cell, but may
 carry different alleles. Each of the homologous
 chromosomes arises from each of the parents of
  the organism. 
 homologous structures:   Biological features that are
 thought to be similar because they share a
 common origin through common descent. Such
 features were classically defined in terms of mor-
phology but now include homologous genes. Con-
trast to   analogous structures.
 homozygous:   The genetic state of having one kind of
 allele present of both copies of a particular gene
 in a diploid cell.
 horizontal gene transfer:   The transfer of genetic infor-
mation from individual to individual rather than
 through vertical inheritance from generation to
 generation. This transfer may occur between in-
dividuals of different kinds.
 Hubble's law:   recession velocity of a galaxy = H
 ×
  (distance from Earth). 
 hydrogen bond:   A relatively weak bond (compared to
 covalent or ionic bonds) between a hydrogen
 atom attached to an atom such as O or N and an-
other O or N atom.
 hydrolysis:   A reaction of a substance with water, in-
volving a breakup of the other reactant.
 hydrophilic:   Literally, “water loving.” Describes sub-
stances that are attracted to and therefore soluble
  in water. 
 hydrophobic:   Literally, “water hating.” Describes sub-
stances that are repelled by and therefore in-
 soluble in water. 
 hyperthermophile:   An organism that thrives at tem-
peratures in excess of °C.
 inertial mass:   The force on an object divided by its
  acceleration. 
 intron:   The parts of a gene in which the DNA is tran-
scribed to make an RNA transcript but which is
 removed from the transcript before it is translated
  to make protein. 
 inversion:   A type of chromosomal mutation in which
 a part of the chromosome is turned around within
  the chromosome. 
 isotope:   Atom of an element with a different number
 of neutrons, such as carbon atoms that by defi-
nition possess six protons but may possess six,
 seven, or eight neutrons. Stable isotopes have
 nuclei that do not decay. Radioactive isotopes
 have nuclei that decay. Radiogenic isotopes are
 the products of radioactive decay.
 lipid:   Fatty acids or derivative compounds that are
 insoluble in water. In the case of amphiphilic
 lipids, the head of the molecule tends to be water
 soluble while the tail is not.
 lithosphere:   The brittle outer layer of the Earth, com-
posed of the crust and uppermost zone of the
 mantle, to an average depth of one hundred kilo-
meters below the surface.
 logical negation:   The complete opposite of a scientific
 hypothesis, without regard for the context of the
 original hypothesis. Negates the entire hypothesis
 and not just its contents. See   contextual negation.
 macroevolution:   Classically defined as biological evo-
lution above the species level. It may refer to accu-
mulated changes via microevolution or to processes
 that can generate large changes in a short time.
 mafic:   Refers to the chemistry of magmas and rocks
 consisting of  to  percent silica by weight with
 minerals rich in iron, magnesium, and calcium.
 Typical mafic rocks include basalt and gabbro.
 magnetite:   An iron oxide mineral with strong mag-
netic properties of composition FeO.
 mantle:   The massive zone of the Earth's interior beneath
 the crust to the core at a depth of about , kilo-
meters, composed of dense, ultramafic minerals.
 mass-energy relation:   energy = (mass) × (speed of
  light). 
 meiosis:   The nuclear division in which homologous
 chromosomes separate in a first meiotic division
 to reduce the number of chromosomes to one half
 the starting number (from diploid to haploid),
 and in which sister chromatids separate in a
 second meiotic division to result in four cells with
  haploid nuclei. 
 Mendelian genetics:   The theoretical framework de-
veloped by Gregor Mendel to describe the pattern
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 of inheritance through sexual reproduction.
 These patterns are applicable to single-gene traits
 that are not carried on sex chromosomes.
 Mesozoic Era:   An era of geologic time between 
 and  Ma belonging to the Phanerozoic Eon,
 often referred to as the age of dinosaurs.
 metabolism:   The chemical processes that occur
 within a living organism in order to maintain life.
 metalloprotein:   A protein in which the active site at
 which catalysis takes place involves a metal atom
  or atoms. 
 metaphysical naturalism:   The metaphysical thesis
 that there is no God or spiritual realm, only ma-
 terial reality. 
 methanogen:   A microorganism that produces
 methane gas as a product of its metabolism.
 methodological naturalism:   The self-restriction of sci-
entific inquiry to studying the properties and pro-
cesses of creation on their own terms.
 microevolution:   Biological evolution at or below the
  species level. 
 mineral:   A naturally occurring, crystalline solid of a
  specified chemical composition. 
 mitochondrion:   A membrane-bound organelle within
 eukaryotic cells that is involved in obtaining
 energy from metabolizing food molecules. Mito-
chondria (plural) are found in virtually all
  eukaryotes. 
 mitosis:   The nuclear division in which the duplicated
 chromosomes separate into two genetically iden-
tical nuclei, part of cell division in eukaryotic cells.
 molecular cloud:   A class of nebula occupying inter-
stellar space of sufficient size and density to form
 molecules of gas, minerals, and organic com-
pounds that may further develop into stars, in-
cluding stars with planetary systems.
 monomer:   The repeating molecular unit in a poly-
 meric substance. 
 mutation:   An inheritable change in the DNA of an
  organism. 
 natural selection:   Differential reproductive success
 among individuals in a population that can result
 in evolution of that population.
 natural theology:   The pursuit of knowledge about
 God based on the study of nature.
 nebular hypothesis:   The hypothesis that our solar
 system developed from the collapse of a molecular
 cloud into a flat, rotating disk, out of which our
 Sun and planets formed.
 nonconcordism:   An interpretive framework wherein
 correlations or parallels between biblical texts and
 scientific statements are not required and there
 are no expectations of biblical texts having clear
  scientific implications. 
 nucleobase:   A nitrogen-containing molecular unit
 that composes one part of a nucleotide, the
 monomer in RNA and DNA.
 nucleotide:   The monomer in RNA and DNA; composed
 of the sugar ribose, a nucleobase, and phosphate.
 old-Earth creationism (OEC):   A version of creationism
 that involves belief in a divine creator (God) but
 acceptance of many scientific explanations for or-
igins, especially for an ancient universe and Earth.
 OEC typically invokes some form of progressive
 creation, in which God intervenes spontaneously
 in special acts of creation (not involving natural
 processes) at points in cosmic and life history.
 optical activity:   The capacity of chiral molecules to
  rotate plane-polarized light. 
 organelle:   A part of a cell specialized for some
 function, such as a nucleus, mitochondrion,
  or chloroplast. 
 orogeny:   Mountain-building event or episode related to
 plate-tectonic processes, most often involving con-
tinental collisions (such as India and Asia forming
 the Himalayan Range) or prolonged subduction and
 volcanic activity (such as Cordillera Range of the
 western Americas). Continuous mountain ranges
 are often referred to as orogenic belts.
 oxidation:   The part of an oxidation-reduction re-
action in which an element loses electrons (or
 increases in oxidation number).
 paleoanthropology:   Subdiscipline in anthropology
 (and archaeology) dedicated to the study of
 human origins, mainly through study of skeletons
 and evidence of material culture.
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 Paleozoic Era:   The era of geologic time between 
 and  Ma, belonging to the Phanerozoic Eon.
 panspermia:   Literally, “seeds from everywhere.” The
 theory that life on Earth originated in outer space
 and was transported here in some form that was
 able to germinate upon arrival.
 parsimony:   The principle that the simplest expla-
nation tends to be the most probable. Parsimony
 is used to infer the most likely phylogenetic trees
 based on the fewest evolutionary changes.
 period:   (geology) A subdivision of geologic time of
 specified length, distinguished by systems of
 rocks and assemblages of fossils.
 period-luminosity relation:   A correlation between the
 period of time it takes for stars with regular cycles
 from brightest luminosity to dimmest and back to
 brightest again and their intrinsic luminosity.
 Phanerozoic Eon:   An eon of geologic time between 
 Ma and the present.
 phenotype:   The expression of the genotype of an or-
ganism in particular traits, such as flower color or
 blood type, encoded by the various alleles of the hun-
dreds to tens of thousands of genes in an organism.
 photoautotroph:   An organism capable of synthe-
sizing its own food from inorganic substances
 using light. Example: extant organisms that use
  photosynthesis. 
 photon:   A particle of light having a precise wave-
length corresponding to a precise energy.
 photosynthesis:   A biochemical process in algae and
 plants for converting carbon dioxide and water
 into carbohydrates and oxygen using energy from
  the Sun. 
 phylogeny:   The evolutionary history of a species or
 group of species, such as which species are most
 closely related, often illustrated using a phyloge-
 netic tree. 
 plagioclase:   A common rock-forming mineral com-
posed of aluminum, silicon, oxygen, and varying
 amounts of sodium and calcium.
 planetary embryo:   Large, rocky body orbiting the Sun
 from the collisions of smaller planetesimals in the
 early solar system that eventually coalesced to
 form the planets of present size. Mars, about half
 the diameter of Venus and Earth, and the largest
 asteroids are thought to represent the size of
 typical planetary embryos in the early solar system.
 planetesimal:   Mass of rock formed early in the solar
 system from the condensation of minerals in the
 circumstellar disk as it cooled and enlarged by
 coagulation to form asteroid-sized bodies.
 plastid:   A membrane-bound organelle within some
 eukaryotic cells that perform photosynthesis. See
  chloroplast. 
 plate tectonics:   The unifying theory for the global-
scale processes of the Earth's lithosphere including
 the creation, movement, and destruction of litho-
 spheric (tectonic) plates. 
 pluton:   A massive igneous body of rock that formed
 by intrusion of magma into the deep crust.   Plu-
tonic   (adjective) refers to the class of rocks formed
  in this manner. 
 polymer:   A compound made up of repeating units,
 usually arranged in a long chain.
 polypeptide:   A linear organic polymer consisting of a
 large number of amino-acid residues bonded to-
gether in a chain, forming part of (or the whole
 of) a protein molecule.
 polyploid:   The state of having three or more sets of
 chromosomes in the nucleus of a cell.
 population:   A group of organisms of the same species
 that occupy a particular area.
 population genetics:   The study of the genetic makeup
  of populations. 
 Precambrian:   An informal but commonly used term
 for all geologic time from the origin of the Earth
 to the beginning of the Cambrian Period (. Ga
  to  Ma). 
 prokaryote:   Single-celled organisms that lack a nu-
clear structure surrounded by a membrane.
 Proterozoic Eon:   The eon of geologic time between .
 Ga and  Ma, when continents grew and the
 atmosphere changed from reducing to oxidizing.
 Eukaryote cells and multicellular life emerged
  during the eon. 
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 protocell:   In origin-of-life theory this refers to the
 greatly simplified forerunner of the modern cell at
 the beginning of life.
 pseudogene:   A segment of DNA that resembles a
 gene but does not function as a gene and is usually
  not transcribed. 
 punctuated equilibrium:   The pattern seen in the fossil
 record of the sudden appearance of a new species
 that persists in stable form for a period of time.
 purines:   A class of nitrogen-containing organic com-
pounds that include the nucleobases adenine and
  guanine. 
 pyrimidines:   A class of nitrogen-containing organic
 compounds that include the nucleobases cytosine,
  uracil, and thymine. 
 pyroclastic:   Hot rock particles of various sizes created
 during a violent volcanic eruption.
 quartz:   A common rock-forming mineral composed
 of silica and oxygen. Typical composition of river
 and beach sand and sandstone.
 racemic:   Composed of equal amounts of “left-” and
  “right-handed” molecules. 
 radioactivity:   The emission of particular subatomic
 particles or electromagnetic waves during the
 decay of an unstable atomic nucleus.
 radiogenic:   An isotope of an atom that is the product
  of radioactive decay. 
  radionuclides: Radioactive atoms. 
 recessive trait:   A trait that shows up in an organism
 only when it is homozygous for the recessive allele.
 redox:   Short for oxidation-reduction. Refers to reac-
tions in which a transfer of electron(s) occurs
  between two substances. 
 reduction:   The part of an oxidation-reduction re-
action in which an element gains electrons (or
 decreases in oxidation number).
 regression:   Seaward movement of the coast and
 coastal deposits during sea level fall.
 ribosome:   The complex structure in the modern cell
 composed of RNA and protein in which proteins
  are constructed. 
 ribozyme:   An RNA molecule that has the capacity to
 catalyze a biochemical reaction.
 rock:   An aggregate of minerals (though some rocks,
 such as coal, contain abundant organic geologic
  materials). 
 scientism:   The belief that only scientific methods can
  generate genuine knowledge. 
 seismic waves:   Waves that travel through the Earth
 following the release of energy, such as during an
  earthquake or explosion. 
 sequence space:   The theoretical collection of all pos-
sible versions of a complex biological polymer
 such as a protein, obtained by varying the identity
 of the monomer at each location on the chain.
 serpentinization:   A geological process involving heat
 and water in which silica-containing rocks are
 oxidized (anaerobic oxidation of Fe+  by the
 protons of water leading to the formation of H)
 and hydrolyzed with water into a mineral known
  as serpentinite. 
 shared derived characteristic:   Characteristics that
 are shared by several species but not present in
  their ancestors. 
 shared primitive characteristic:   Characteristics that are
 shared by several species and by their ancestors.
 shield:   A region of cratonic bedrock exposed on a
 continent, such as the Canadian Shield.
 silicate:   Mineral group containing silicon and oxygen
 atoms arranged in tetrahedrons, typically coordi-
nated with other elements, such as aluminum,
 iron, magnesium, calcium, sodium, and potassium.
 solar mass:   A unit of mass in terms of the mass of the
 Sun used by astronomers to describe the mass of
 astronomical objects such as stars and black holes.
 somatic cells:   Any of the cells of the body of an or-
ganism except those that give rise to gametes,
 which are germ cells.
 spacetime:   The intertwining of space and time into
 one entity as revealed by Einstein's theory of
  special relativity. 
 special revelation (specific revelation):   Detailed
 knowledge about God, redemption, and Jesus
  the Messiah. 
 speciation:   The process of developing one or more
 new species from a previously existing one.
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 species:   The fundamental unit of classification of
 living organisms; a kind of organism.
 spontaneous generation:   The sudden transformation
 of nonliving matter into a living organism.
 standard candle:   A light source, such as a candle, that
 produces a known absolute luminosity.
 Steady State models:   Models of the universe in which
 energy is continually created so that the universe
 has always existed (looks the same in time) and
 looks the same in space as it expands.
 stratigraphic system:   Rocks deposited during a par-
ticular period of geologic time.
 stratigraphy:   The study of rock strata, most typically
  sedimentary rocks. 
 stromatolite:   Fossil constructed from filamentous
 cyanobacteria, typically in mats, domes, or
 columns that lived in marine intertidal and sub-
 tidal environments. 
 subduction:   The process whereby an ocean litho-
spheric plate descends into the upper mantle
 under an ocean trench. Subduction zone is the
 area in the lithosphere and upper mantle oc-
cupied by a descending lithospheric plate, asso-
ciated with deep earthquakes and production of
 magma that feeds volcanic mountain chains.
 subsidence:   Downward motion of the Earth's crust al-
lowing for the accumulation of thick sequences of
 sedimentary rock. Opposite of uplift.
 supercontinent:   Landmass consisting of multiple
 continents that converged through plate-tectonic
 activity, such as Rodinia (ca.  Ga) and Pangaea
  (ca.  Ma). 
 symbiogenesis:   The process of origins via the com-
bining of symbiotic organisms. See   endosymbiosis
  and endosymbiotic theory. 
 sympatric speciation:   Speciation while geographically
  together. 
 system:   (stratigraphy) Rocks deposited during a par-
ticular period of geologic time.
 taxonomy:   Subdiscipline of life science (biology and
 paleontology) concerned with the systematic clas-
 sification of organisms. 
 template synthesis:   The formation of a polymer such
 as RNA through the complementary matching of
 monomers on another polymer strand such as
 DNA or another RNA.
 terrane:   A block or fragment of distinctive rock in the
 crust, emplaced by tectonic collisions.
 terrestrial planet:   Planet composed largely of rocky
 material with thin, gas atmospheres. Terrestrial
 planets Mercury, Venus, and Mars occupy the
 inner portion of our solar system.
 transgression:   Landward movement of the coast and
 coastal deposits during sea level rise.
 transposon (aka transposable element):   A sequence of
 DNA that is able to move from one location to an-
other in the genome of an organism. Often a
 transposon will duplicate itself in the process.
 ultramafic:   Refers to the chemistry of magmas and
 rocks consisting of less than  percent silica by
 weight, with minerals rich in iron and magnesium.
 The Earth's mantle is composed of ultramafic rock.
 unconformity:   A contact or surface between layers of
 sedimentary rock that were not deposited in
 direct succession but separated by a period of
  nondeposition or erosion. 
 uniformitarianism:   Interpretive framework used to
 understand events in geologic history as oc-
curring by natural processes as known at the
 present time and with the same intensity (the
 latter being a departure from actualism, in which
 natural catastrophic activity is accepted).
 vestigial structures:   Biological features that appear to
 share a common origin through common descent
 but in which the function has been lost, such as
 wings in flightless birds.
 volatile:   Describes a substance with tendency to evap-
 orate easily. 
 Watson-Crick pairing:   The linking between comple-
mentary bases within DNA or between DNA and
 mRNA or between mRNA and tRNA.
 wave amplitude:   The strength of a wave measured
 from the height of its crest (or the depth of its
  trough). 
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 wavelength:   A consistent distance measured from
 crest to crest (or from trough to trough) of a
 wave. Numerically, wavelength = (wave speed) /
  (frequency). 
 whole-genome duplication:   The duplication of the
 nuclear genome of an organism so that it becomes
  polyploid. 
 X chromosome:   A sex chromosome; in mammals, fe-
males have two X chromosomes, while males
 have one X and one Y chromosome.
 Y chromosome:   A sex chromosome; in mammals,
 males have one X and one Y chromosome.
 young-Earth creationism (YEC):   A version of cre-
ationism that involves belief in a divine creator
 (God) and in a recent creation of Earth within the
 last , to , years. YEC typically invokes
 divine intervention in special acts of creation (not
 involving natural processes) at all points in cosmic
 and life history, though some versions allow for
 some speciation within highly defined limits.
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 “Understanding Scientific Theories of   Origins is a groundbreaking book. These engaging, field-tested materials, used
 over many years by outstanding faculty at a flagship Christian university, are sure to be an important new resource
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