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To The Instructor

Our Approach

Today’s students are tomorrow’s decision-makers, whether
their future careers are in politics, finance, technology, medi-
cine, or basic science. It is their decisions that collectively will
decide the fate of our planet. As instructors in Earth science or
geology, therefore, we have a most important mission. We
must ensure that our students have the opportunity to obtain
a basic understanding of the Earth so that they are equipped
to make informed, environmentally responsible decisions in
their future careers.

We hope that our textbook helps you, the instructor,
attain these goals, and that the student’s appreciation of our
amazing planet and its place in the cosmos is enhanced. We
attempt to convey the message that understanding the Earth is
exciting, and that it enriches and heightens our sense of aware-
ness of the world around us.

To achieve this, we adopt an integrated, interdisciplinary
Earth systems approach to planet Earth that involves the study of
its geology, biology, chemistry, and physics. Our book emphasizes
that Earth systems are an interplay of the traditional sciences and
do not respect the artificial boundaries we tend to place between
them. If our goal is to understand our planet, therefore, we must
break down these barriers. Only through this approach, we
believe, can we hope to gain an understanding of global envi-
ronmental problems and so be in a position to address them.

We recognize that students taking an introductory course
in Earth science or geology may come from widely varying
academic backgrounds. Many may not have taken a science
course in high school, never mind a course in Earth science.
We also recognize that for a significant proportion of students,
this will be their only formal exposure to Earth science. So, we
believe that we have a dual mission. We must not only provide
a strong fundamental background for students who wish to
pursue geology or Earth science in more advanced courses,
but we must also offer all students the opportunity to learn
about the processes that shape the planet in which they live.
In addition, we hope that some students who are unsure about
what they might select as a career will at least consider geology
or Earth science as a potential major.

The goal of this text is to provide an understanding of, and
appreciation for, the Earth. Our approach is to stress concepts,
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processes, and principles because these should serve all stu-
dents well. A thorough grasp of any science requires some
basic knowledge of facts and terminology, the language of the
science. However, we are careful about overtaxing the stu-
dent. In our experience, excess terminology at an introductory
level leads to rote-learning. Students tend to navigate from
one term to the next and fall into the trap of thinking that by
learning the terminology they will understand the concepts
and principles. The trap is sprung at exam time! Furthermore,
knowledge of terminology fades with time, especially for those
students for whom this is a terminal course in Earth science.
A course with an emphasis on the understanding of concepts
and principles, we believe, has a much longer shelf-life.

For example, we stress how gases released from volcanoes
over the 4.6 billion years of Earth history have had a first order
influence on the evolution of our atmosphere, how water
pumped from volcanoes contributed to the oceans and the ori-
gin of life, and why, in this respect, the Earth is unique in the
solar system. We consider the vast array of terminology that
describes these volcanoes and their various types of volcanic
eruptions to be of secondary importance at an introductory
level, the lexicon of terms sometimes distracting the student
from the primary message. This terminology, we feel, is better
learned in the appropriate upper level courses.

At the same time, we do not wish to sacrifice or dilute the
conceptual content of the material. Our challenge, then, is to
present concepts and processes in a straightforward manner
rather than risk losing student interest by burying them in
unnecessary terminology. If, at the end of your course, the stu-
dents display an appetite for learning more, then we will have
achieved our goal.

Organization of the text

The book is divided into seven parts. The first four parts deal
with each of the Earth’s surface reservoirs in turn. In Part I, we
introduce the foundations of modern geology and continue
with an examination of the solid Earth. In Part II, we discuss
the hydrosphere, followed by the atmosphere in Part I11. Since
a detailed study of the modern biosphere is more appropriate
in an introductory biology course, Part IV looks at the evolu-
tion of the biosphere over geologic time in the context of the

other Earth systems. This part also serves as a summary of
Earth history.
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In Part V, we examine the Earth within the context of the
solar system and the cosmos. Equipped with this basic back-
ground, we then discuss the balance between Earth resources
(Part VI) and environmental responsibility (Part VII). In Part
VII, we also address specific environmental issues using the
principles and concepts developed in the previous chapters. In
a way, this part serves as a thematic review and demonstrates
how a thorough knowledge of Earth systems provides impor-
tant insights into modern environmental problems.

Each part is subdivided into chapters. The chapters are
designed to be as freestanding as possible, the beginning of
each chapter identifying the important portions of the previ-
ous text that form the basis for what follows. An overview at the
beginning of each chapter also prepares the student for the
concepts that follow. Each chapter ends with a summary and
a listing of key concepts and terms to facilitate that essential
last-minute brush-up before tests! Finally, two sets of questions
brings each chapter to a close. The Review Questions focus
on the most important parts of the chapter. The Study Ques-
tions require further thought on the part of the student and a
working knowledge of the preceding chapters in the text.

In dividing the text into parts based on Earth systems, we
run the risk of failing to follow our own advice. However, we
repeatedly stress the processes that bridge the traditional sci-
ences and link the various reservoirs. This linkage will be
apparent in many parts of the text. The most important link-
ages will be highlighted with “Process in Action Icons” and in
the Visual Summaries at the end of each part (see box in “To
the Student”).

In Part I, we describe the basic principles of modern geol-
ogy, and then use these to describe the solid Earth. Following
an introduction (Chapter 1), Chapter 2 discusses minerals and
rocks, the basic materials that compose the solid Earth. This
part acknowledges that much of our modern understanding of
the Earth is rooted in classical geology. In Chapter 3, we gain
an impression of the scale and duration of natural processes.
We acquire a sense of geologic time by examining the age of
the Earth and the methods by which geologic events are
dated. By discussing the basic principles of relative and
absolute time, we show how rocks and minerals may be used
to piece together geologic history and so reveal the evolution
of the Earth through geologic time. In so doing, we gain
important insights into the pace of evolutionary change.
Finally, in Chapter 4, we set the stage for our treatment of the
solid Earth by examining the fascinating story behind the
development of plate tectonic theory, a story that we also use
to illustrate the scientific method.

In our treatment of the solid Earth (chapters 5 to 7), we
focus on the processes that introduce new chemical con-
stituents to the surface of the Earth. Chapters 5 and 6 exam-
ine the processes that govern the evolution of the Earth’s sur-
face. Here we outline the principles of plate tectonics, the fun-
damental unifying concept in the Earth sciences that
accounts for the origin and evolution of the Earth’s major sur-
face features such as the continents and oceans, and explains
the distribution of global phenomena such as earthquakes,
volcanoes, and mountain belts. Here we get a sense of the
dynamic nature of our planet. In Chapter 7, we examine the
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internal structure of the Earth from its surface to its core. In
doing so, we discover the internal heat engine that is the dri-
ving force behind plate tectonics and many of the Earth’s sur-
face processes. We also learn that some ingenious techniques
have given us a surprisingly thorough knowledge of the chem-
istry of our planet.

In Part II (Chapters 8, 9, and 10), we examine the hydros-
phere. We first look at the hydrologic cycle and the factors that
control the chemistry of ocean water. Using the material cov-
ered in Part I as a background, we then analyze the origin and
ultimate fate of the oceans. Chapter 9 deals with the circula-
tion of ocean water on both a global and local scale. Here we
find the major influences to include radiant energy from the
Sun, the spin of the Earth about its own axis, and the temper-
ature contrast between the poles and the equator. We use the
phenomenon of El Nifio as a prime example of the impor-
tance of understanding global circulation patterns. Chapter
10 is devoted to fresh water on continental landmasses, a vital
aspect of life on our planet.

Part IIT (chapters 11 and 12) deals with the atmosphere
and follows a similar approach to that used in Part II. We first
examine in Chapter 11 the average composition and tempera-
ture of the atmosphere and, once again, find that the material
covered in the preceding parts plays a key role in our under-
standing of the evolution of the Earth’s atmosphere and the
controls behind past and future climates. In Chapter 12, we
look at the motion of air masses and the factors that influence
modern climates and our day-to-day weather patterns. We also
examine the processes that lead to weather “events,” such as
hurricanes, tornadoes, and monsoons, and the global disrup-
tion of typical weather patterns brought about by an El Niro.
We show how satellites are our “eyes in the sky” and how the
use of this technology has resulted in amazing advances in our
understanding of the dynamic forces behind our weather and
climate. We also show how improved weather forecasting now
provides advanced warning of dangerous weather and can help
predict catastrophes such as widespread drought or the failure
of the monsoon rains.

The biosphere is explicitly dealt with in courses in the life
sciences. In Part IV (chapters 13 and 14), however, we focus
on the origin and evolution of the biosphere and the ways in
which it interacts with the solid Earth, hydrosphere, and
atmosphere. In a sense, this part serves as a synthesis of Earth
history, emphasizing the evolution of the Earth systems and
the key events and processes that have governed our planet’s
development from its origin to the present day. In Chapter 13,
we outline the evolution of life and the Earth systems in the
Precambrian and follow this, in Chapter 14, with a similar
treatment of the Phanerozoic Eon. Chapter 14 also describes
our most recent history and deals with the forces that shaped
our modern landscape.

In Part V, we broaden our horizons to look at the planets
of the Solar System (Chapter 15) and the Sun and stars in the
universe beyond it (Chapter 16). The study of other planets in
the Solar System provides some very important perspectives
on the evolution of our own planet. The uniqueness of planet
Earth can be placed in the context of its position in the Solar
System, its size and composition, and its distance from the



Sun. We find that these factors, in particular, have caused the
Earth to take a different evolutionary path from those of its
nearest planetary neighbors. Recent evidence that there may
once have been microbial life on Mars adds further fuel to the
debate that has pre-occupied us for centuries. Is there anybody
out there or are we alone in this vast universe?

Our knowledge of our place in the cosmos is improving
rapidly, thanks to amazing advances in both land-based and
orbiting telescopes, such as the Hubble space telescope. Excit-
ing breakthroughs like those that suggest there may be other
solar systems similar to our own, are typical of the information
explosion that confronts us almost daily. No doubt, this trend
will continue into the immediate future. Our challenge, then,
is to lay the groundwork so that students can both understand
and assess this information as each new discovery is made.

We start our examination of the universe with the star we
know best, the Sun. Earth systems are greatly influenced by
radiant energy from the Sun. Although the Sun played little
direct influence in the origin of our atmosphere and hydros-
phere, it is the major external influence on the global-scale
circulation of these two reservoirs and has a profound effect on
our weather and climate, as we know from personal experi-
ence. Indeed, the Earth’s surface is where solar energy and the
Earth’s internal processes interact. In our treatment of the
Sun, we concentrate on solar processes and phenomena that
influence the Earth today, and may have influenced the planet
in the past. By examining the universe beyond, we gain an
appreciation for our position in the cosmos.

In Part VI, we deal with Earth resources and the factors
that influence the generation of economic deposits of miner-
als (Chapter 17) and energy reserves (Chapter 18). Nowhere
is the interaction of the Earth’s reservoirs more closely linked
to the development of human society than it is in our exploita-
tion of the planet’s natural resources. It is the demands of soci-
ety that make a deposit economically feasible to exploit. These
demands have changed dramatically over the past 20 years
and will continue to do so in the foreseeable future. Our treat-
ment of mineral resources emphasizes our dependence on
metallic and industrial minerals, the inequity of their distribu-
tion, and the important natural processes that concentrate
them. It also examines some of the methods used in mineral
exploration and the environmental consequences of mineral
exploitation. The underlying principles of a source, a medium
of transport, and an environment of deposition that concen-
trates the commodity are common themes in the formation of
many of our natural resources. Our treatment of energy exam-
ines the issues of supply and demand, and looks at the variable
contributions of each of the Earth’s reservoirs in providing our
energy needs. We find that energy sources derived from the
solid Earth, such as fossil fuels and nuclear power, are conve-
nient but nonrenewable, whereas those obtained from the
hydrosphere, atmosphere, and biosphere, such as hydroelec-
tric power, solar energy, and biomass fuel, are renewable but
often difficult to harness. Since questions concerning the
future of our finite mineral and energy reserves are likely to
become major issues in Earth science as we enter the 21
Century, we end our survey of the Earth’s natural resources
with a look at what the future may hold.

With this background, we are now equipped to evaluate
Earth systems and the environment (Part VII). In fact, just as
our current environmental problems provide a test of the
extent to which we truly understand our own planet, this part
will test the students’” understanding of the key concepts devel-
oped in each of the preceding chapters.

Chapters 19 and 20 demonstrate how the Earth’s reservoirs
are linked and discuss the exciting new scientific discipline of
biogeochemistry. In Chapter 20, we address key environmental
issues in a deliberately provocative fashion to encourage debate
among students and between students and the course instruc-
tor. Can we really sustain the resource exploitation needed to
support modern development? In recognizing rhythms in the
natural interaction among Earth systems, can we detect the dis-
tortion associated with modern development and our own tam-
pering with the Earth’s reservoirs? And in understanding the
mechanisms that drive these rhythms, can we learn how best to
alleviate some of our current environmental problems?

In the Afterword, we attempt to point out to students the
importance of environmental responsibility and some of the
important challenges and influences that will affect their lives.
We stress that important and fulfilling work in Earth science
remains to be done. This may convince students that a career
in Earth science is worthwhile, although that is not our main
objective. Most students will not have taken a course in Earth
science or geology in high school, and this chapter is intend-
ed to give them an idea of the basic research that remains to
be done. It is also important to impress upon our future deci-
sion makers the importance and urgency of basic research and
its relationship to society.

Through our emphasis on the concepts and principles of
Earth science, we hope to provide students, majors and non-
majors alike, with a measure of understanding about the plan-
et on which they live.
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To The Student

We live in amazing times. In the past 20 years we have learned
an enormous amount about our planetary home, and new
information confronts us almost daily. We can scarcely watch
the news or read a newspaper without learning of some new
and exciting discovery that relates to the Earth and our posi-
tion in the cosmos. At the same time, we are receiving mixed
messages about the state of our local and global environment.
This information now comes at us at such a bewildering pace,
it is difficult to assimilate it all.

As we enter the 21 Century, it is appropriate to remind
ourselves that just a century ago the world and our knowledge
of it was entirely different. Our forbearers could never have
visualized the scientific and technological advances of the 20"
Century. We now have a comprehensive understanding of the
origin of mountains and oceans, and explanations for the ori-
gins of earthquakes and volcanic activity. We have devised
ingenious methods that allow us to image the Earth’s interior,
determine its composition, and understand some of the inter-
nal processes that go on thousands of kilometers below its sur-
face. Even weather forecasts have become more reliable
through the use of satellites as our eyes in the sky. Our forays
into space have given us a new appreciation of the tiny portion
of the universe we occupy. At the same time, we have come to
realize that our planet is fragile and that our own actions may
compromise our very existence.

Our goal in this textbook is to convey the wonder and
excitement of discovery while heightening your knowledge,
appreciation, and interest in the planet on which we live.
Indeed, since we all use its resources, we have a certain oblig-
ation to learn something of the way in which the Earth works.
And who is to say that the technological advances of the 20"
Century will not continue or even accelerate into the 21?7 So
it may well be in your best interest to have a working knowl-
edge of the world around you.

Each one of us has a daily impact on our planet in some
small way. Cumulatively, this impact may be enormous. In
the near future, your decisions, big and small, may impact the

environment on a local, regional, and even global scale. Faced
with such decisions, we hope that this book, in some small
way, will help you make the right ones.

Believe it or not, it was not so very long ago that we were
students like you, and we remember only too well how hectic
student life can be. If channeled properly, however, these will
be some of the most rewarding years of your life, full of height-
ened intellectual and social experiences. We also remember
how much easier it was to learn if the material we were study-
ing was presented in an interesting and dynamic way. Luckily
for us, we both had excellent teachers in our introductory
courses. In the classrooms where we now teach, we try to
inspire our students through our own fascination and enthusi-
asm for the science, and by showing them that learning is fun.
We hope that this also comes across in our textbook. If, in
addition, you are considering a career in geology or Earth sci-
ence, we encourage you to do so. We have both thoroughly
enjoyed our own careers and most geologists would say the
same. A healthy appreciation and respect for the working of
the world around us has a wonderfully calming influence
when the waters of life get a little rough!

As you read the book, you will find that we emphasize
concepts and processes over excess terminology. Perhaps this
is because we are both plagued with poor memories and we
know all too well how one’s memory of terminology fades
with time! While terminology is important to the language of
science, it is through concepts and processes that science is
understood. We therefore believe that courses that are
process-oriented will have a far longer shelf-life than those
based on terminology.

If you choose a career in Earth science, you will have
the opportunity to contribute directly to our understanding
of planet Earth. Should you choose a different career path,
we hope that this textbook will increase your understanding
of the planet on which we live. Our challenge is to present
the material to you in language that is as jargon-free as pos-
sible and to capture the excitement and wonder of our plan-
et. We hope we achieve these goals and, if you are sitting
comfortably, we will begin.

Earth Science Today has visual cues to help students really see the interactions described in the text. Visual Summaries close
each part and cover all the key interactions within that group of chapters. Two Process in Action icons visually emphasize the
interconnectedness of the chapters and the information within them. Interactions between chapters are shown by the large icon.

Those within chapters are marked by the smaller icon.

Each part opens with the large Process in Action icon. This icon helps to reinforce the nature of the interactions between the
Earth's surface reservoirs—the solid Earth, hydrosphere, atmosphere, and biosphere. Each of the Earth's reservoirs is allocated a segment
within the large Process in Action icon.The solid Earth is positioned in the center, reflecting its influence on all the reservoirs. Other
reservoirs are positioned along the periphery, reflecting their connections to the solid Earth, the Sun, and each other. Textures within each
reservoir's segment mark the heads in all the chapters, giving the student another visual cue to where they are.

The small Process in Action icon positioned throughout the chapters (and seen at the beginning of this box) is designed to send a
signal that two or more reservoirs are interacting. When they come across the icon, students can then ask themselves what reservoirs are

working together to make this particular event occur.

Visual Summaries are designed to help the student make a visual connection between the concepts. The Visual Summaries
also offer the student a way to conceptualize the integration, movement, and change described in each part. They illustrate the “big picture”
by showing the interdependence of the processes, concepts, and principles involved in Earth science.

Preface Xix



&/u_~

Damian Nance and Brendan Murphy



Briet
Contents

Preface xv

Chapter 1: Introduction 3

LU Foundations and the Solid Earth 13
Chapter 2: Earth Materials: Minerals and Rocks 15
Chapter 3: Geologic Time and the Age of the Earth 53
Chapter 4: Plate Tectonics: Development of a Theory 79
Chapter 5: Plate Tectonics: Plates and Plate Boundaries 103
Chapter 6: Mountains and Volcanoes 141
Chapter 7: The Earth’s Interior 175

LU The Hydrosphere: The Origin and Motion of Water
on Our Planet 203

Chapter 8: Ocean Water 205
Chapter 9: Circulation of Ocean Water 231
Chapter 10: Fresh Water 261

ZUIR The Atmosphere: The Air We Breathe 303
Chapter 11: The Atmosphere 305
Chapter 12: Circulation of the Atmosphere 325

ZUUL'R The Evolution of the Earth Systems and the Biosphere 361
Chapter 13: Evolution of the Earth Systems I: The Precambrian 363
Chapter 14: Evolution of the Earth Systems II: The Phanerozoic 393

LUAA  Astronomy: The Planets, the Sun, and the Stars 439
Chapter 15: The Planets 441
Chapter 16: The Sun and the Stars 481

LU Natural Resources 51l
Chapter 17: Mineral Resources 513
Chapter 18: Energy Resources 545

JUARTE Farth Science and the Environment 573

Chapter 19: Biogeochemistry: Interaction between the Earth’s Reservoirs 575
Chapter 20: Our Fragile Atmosphere 597

Afterword: The Fate of Planet Earth 628
Appendices 634

Glossary 649

Credits 665

Index 668



Preface xv

To the Instructor xv
To the Student xix

Chapter 1
Introduction 3
1.1  Earth and Its Environment 4
1.2 Earth Science: A Study of Earth
Systems 5
The Earth's Reservoirs 6
1.3 A Revolution in the Earth Sciences 7
1.4  Earth Science and the Scientific
Method 10
1.5  Earth Science and Society 10
1.6 Goals for the Rest of the Book 11

U1 FOUNDATIONS AND THE SOLID
EARTH 13

Chapter 2 :

Earth Materials: Minerals and Rocks 15
Chapter Overview 15
2.1  Minerals 16

Elements and Bonding: How Minerals
Are Built 16
Atoms 16
Types of Bonds 16
Ionic Bonds 16
Covalent Bonds 17
Metallic Bonds 17
van der Waals Forces 17

What is a Mineral? 18

Naturally Occurring and Inorganic 18

Crystalline Solids 19

Chemical Composition and Formula
Rock-Forming Silicates 20

Structure of Silicates 21
Nonsilicate Rock-Forming Minerals 21
Mineral Identification 22

Properties of Minerals 23
Color and Streak 23
Luster 23
Crystal Form 23
Hardness 24
Cleavage and Fracture 25
Specific Gravity and Density 25
2.2 Rocks 25
The Rock Cycle 26
Igneous Rocks 28
Formation 28
Classification: Types of Igneous Rocks
Felsic 30
Mafic 30
Intermediate 30
Ultramafic 31

Evolution of Igneous Rocks 31
Chemical Evolution: Bowen’s Reaction
Series 31
Physical Evolution: Explosive Volcanic
Eruptions 33
Can Explosive Eruptions be
Predicted? 34

Sedimentary Rocks 37
Formation 37

Classification: Types of Sedimentary
Rocks 37
Detrital Sedimentary Rocks 37
Chemical and Biochemical Sedimentary
Rocks 37

LIVING ON EARTH: SALT OF THE EARTH 38

Depositional Environments 39
Continental 40
Marine 41
Coastal 41

Interpreting the Sedimentary Rock
Record 42
Metamorphic Rocks 43
Formation 43
Types of Metamorphism 44
Regional Metamorphism 44

Contact Metamorphism 44
Dynamic Metamorphism 44

Contents

29



Di1G IN: KEY METAMORPHIC MINERALS 45

Classification: Types of Metamorphic
Rocks 46
Foliated Metamorphic Rocks 46
Nonfoliated Metamorphic Rocks 48

Metamorphic Facies 48

Metamorphism and Deformation
of Rocks 49

2.3 Revisiting the Rocks Cycle 49
24 Chapter Summary 49

Key Terms and Concepts 51 Review Questions 51
Study Questions 51

Chapter 3
Geologic Time and the Age of the Earth 53
Chapter Overview 53
3.1  The Vastness of Geologic Time 54
Relative Time and Absolute Time 54
3.2 A Short History of Geologic Time 55
“As Old As the Hills” 55
Theories, Principles, and People 55
Catastrophism 55
Steno’s Three Principles 55
Neptunists 56
Plutonists 56
Hutton’s Principle of Gradualism 56
Unconformities 57
Smith’s Principle of Faunal
Succession 57

LIVING ON EARTH: CORRELATION AND THE SEARCH
FOR OIL AND Gas 60

Lyell’s Principle of Uniformitarianism 60
3.3 Relative Dating 62
DiG IN: GEOLOGIC MAPS 64
3.4  Relative Time and the Geologic Time

Scale 65
Stratigraphy and the Stratigraphic
Column 65

The Geologic Time Scale 67
3.5 How OId Is the Earth?: The Quest for
an Absolute Age 70

Accuracy Versus Precision 70

Past Attempts to Determine The Age
of the Earth 70

3.6 Radiometric Dating 71

DiG IN: RADIOACTIVITY AND THE DATING
OF ROCKs 72

3.7 Absolute Time and the Geologic Time
Scale 74

viii  Contents

3.8 A Sense of Time 75
3.9 Chapter Summary 76

Key Terms and Concepts 76  Review Questions

Study Questions 77

Chapter 4
Plate Tectonics: Development of a Theory 79
Chapter Overview 79
4.1  Continental Drift 80
A Controversy Unleashed 81
The Jigsaw Fit of Continents 81
The Enigma of Ancient Climates 83
The Puzzling Fossil Record 84
Wegener Presents His Case 85
The Fatal Flaw 85
4.2 Paleomagnetism and Sea Floor
Spreading 86
Apparent Polar Wander 88
Paleomagnetic Reversals 89
Marine Magnetic Anomalies 90
A Pattern Explained 91
Spreading Confirmed 92
4.3 Subduction: Where Does the Old Ocean
Crust Go? 92

L1vING ON EARTH: THE REMARKABLE JOURNEY
OF THE GREEN TURTLE 94

44  Plate Tectonics 97
4.5  Chapter Summary 99

Key Terms and Concepts 100  Review Questions
101  Study Questions 101

Chapter 5

Plate Tectonics: Plates and Plate
Boundaries 103

Chapter Overview 103

5.1  Moving Plates 104

5.2 The Structure of Plates 105
The Low-velocity Zone 105
Asthenosphere and Lithosphere 105
Layers of the Lithosphere 106

5.3 Buoyancy and the Principle of

[sostasy 106
54  Plate Boundaries 110

Divergent Boundaries— Creating

Oceans 110
DiG IN: FAILED RiIFTS 114

Convergent Boundaries—Recycling Crust
and Building Continents 115



Subduction 115
Characteristics of Subduction Zones 116
Types of Subduction 118

Ocean-Ocean Convergence 118
Ocean-Continent Convergence 119

Controls on Subduction Style: Marianas
versus Andean 121

Subduction and the Growth of
Continents 121

Transform Boundaries—Fracturing the
Land 123

Oceanic Transforms 123

Continental Transforms 125

LIVING ON EARTH: PREDICTING EARTHQUAKES —
LESSONS FROM CALIFORNIA 128

Hotspots 130
Oceanic Hotspots 131
Continental Hotspots 133
5.5  Plate Driving Mechanisms 135
5.6  Chapter Summary 136

Key Terms and Concepts 138  Review
Questions 138  Study Questions 139

Chapter 6
Mountains and Volcanoes 141
Chapter Overview 141
6.1  Introduction 142
6.2 Mountains at Divergent Margins 142
6.3 Mountains within Oceanic Plates 144
6.4  Mountains Produced by Subduction 145
Ocean-Ocean Convergence 145
Ocean-Continent Convergence 146
6.5  Mountains Produced by Collision 147
Collision of Terranes 147
Continent-Continent Collision 151

6.6  Mountains Produced along Transform
Faults 155

6.7  Mountains in the Past 155

LIvING ON EARTH: THE LONG SHADOW OF THE
HiMALAYAS 156

The Wilson Cycle 156

DIG IN: PARTIAL MELTING AND THE MAKING OF
CONTINENTAL CRUST: NATURE'S ULTIMATE
RECYCLING PROGRAM 158

The Supercontinent Cycle 159
6.8  Mountain Building and Deformation of

Rocks 162
Faults 162
Folds 164

Unconformities Revisited 166

6.9  Mountain Building and Geologic
Maps 167

6.10  Chapter Summary 171

Key Terms and Concepts 172 Review
Questions 173 Study Questions 173

Chapter 7
The Earth’s Interior 175
Chapter Overview 175
7.1 Introduction 176
7.2 Clues From Heat and Density 176
7.3 Earthquake Waves 176
DiG IN: WAVE REFRACTION 180
7.4  Journey to the Center of the Earth 180
A Layered Planet Revealed 182
The Crust 185
The Mantle 186
The Outer Core 187

LIVING ON EARTH: DIAMOND PIPES: WINDOWS TO
EARTH’S MANTLE 180

The Inner Core
7.5  Circulation in the Earth’s Interior 188
Di1G IN: THE EARTH’S MAGNETISM AND ITS DYNAMIC

Core 190
Seismic Tomography: 3-D Maps of the
Mantle 194

DIG IN: THE FATE OF SUBDUCTED SLABS 196

7.6 Chapter Summary 196

Key Terms and Concepts 198  Review
Questions 198  Study Questions 199

GUIRIE The Hydrosphere: The Origin

and Motion of Water on Our
Planet 203

Chapter 8
Ocean Water 205
Chapter Overview 205
8.1  Introduction 206
Water on Planet Earth 206
Mysteries of the Ocean Deep 206
8.2 The Water Molecule 209
Water: A Unique Substance 209
Bonding and the Water Molecule 210
8.3 The Hydrologic Cycle 210

Contents  iX



84  SeaLevel 211
Sea Level and Ice Ages 212
Sea Level and Plate Tectonics 213

8.5  Ocean Basins and Plate Tectonics 215
Active and Passive Continental Margins 216

Ocean Bathymetry: A View of the Planet’s
Surface without Water 216

Features of Continental Margins 217

Deposition of Sediments and Sedimentary
Rocks 219

8.6  Composition of Ocean Water 219

8.7  Why Is Ocean Water Salty? The
Relationship between Composition and
Source Region 222

8.8  The Origin of Ocean Waters 223

LIVING ON EARTH: THE BIZARRE WORLD OF
MID-OCEANIC RIDGES 224

8.9  Chapter Summary 227

Key Terms and Concepts 228 Review Questions
228  Study Questions 229

Chapter 9
Circulation of Ocean Water 231

Chapter Overview 231

9.1 Introduction 232

9.2  Waves 233

LIVING ON EARTH: SEISMIC SEA WAVES 234

9.3 Coastal Regions 236

94 Tides 238

9.5 A General Overview of Ocean Water
Circulation 242

9.6  Vertical Profiles of Ocean Water 244

9.7  Ocean Currents 246

Movement of Surface Waters and the
Coriolis Effect 246

Influence of a Landmass 248

Influence of Wind and Atmospheric
Circulation 249

9.8  Putting It All Together: EI Nifio 252
9.9  Chapter Summary 258

Key Terms and Concepts 258 Review Questions
259  Study Questions 259

Chapter 10
Fresh Water 261

Chapter Overview 261
10.1 Introduction 262

10.2 The Hydrologic Cycle and the Water
Budget 263

X Contents

10.3  Global Precipitation Patterns 264
10.4 Groundwater 266
Porosity and Permeability 267
Aquifers 268
Unconfined Aquifers 268
Confined Aquifers 270
The Flow of Groundwater 270
LivING ON EARTH: THE HISTORICAL IMPORTANCE
OF AQUIFERS 272
Heated Groundwater: A Source of
Geothermal Energy? 272
The Dissolving Power of Groundwater 273
Caves and Karst Topography 275
10.5 Surface Water 277
Drainage Basins 277
Stream Gradient and Base Level 278
Stages in Stream Development 280

Moving Water: An Agent of Weathering and
Erosion 280

Stream Flow and Discharge 282
Floods 283
Coastal Regions 286
10.6  Human Exploitation of Fresh Water 287
Exploration for Groundwater: Imaging the
Subsurface 287

LIVING ON EARTH: WATER IN THE SAHARA
DESERT 288
Exploitation of Groundwater 289
Contamination of Groundwater 292
Exploitation of Surface Water 293
LIVING ON EARTH: THE DEATH OF THE
ARAL SEA: AN ENVIRONMENTAL
NIGHTMARE 296
10.7 Chapter Summary 297

Key Terms and Concepts 298  Review Questions
299 Study Questions 299

GULNLLE THE ATMOSPHERE: THE AIR

WE BREATHE 303

Chapter 11
The Atmosphere 305

Chapter Overview 305

11.1 Introduction: The Composition of the
Atmosphere 306

LIVING ON EARTH: RADON GAS: THE NATURAL
KiLLER 308

11.2 Interaction between Water and Air 310
11.3  The Layers of the Atmosphere 311
The Troposphere 311



