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PREFACE

Since the first edition of this book appeared over three de-
cades ago our understanding of the Earth has increased enor-
mously. Plate tectonics and seafloor spreading have been
invented and continental drift accepted. We have explored
with space probes almost to the edge of the planetary system.
And at home we have realized that the natural systems of
Earth processes so vital to life can be disrupted by human
intervention, both planned and unplanned. It has been indeed
a heady period for students of the Earth.

Advances in knowledge have been impressive. But cer-
tainly they have built upon data, principles, and techniques
developed over the decades, even the centuries that went
before. This book, we hope, maintains a sensible balance
between new and traditional knowledge.

The most immediately noticeable change in this edition
compared with earlier ones is the use of color. The availabil-
ity of full color has made many of the illustrations more
effective and easier and more pleasing to ‘read.’ Furthermore,
most of the diagrams have been redrawn and many rede-
signed or introduced for the first time.

We have added an opening quotation for each chapter,
a quotation that we hope catches some of the spirit of the
subject matter that follows. This is followed by a general
overview of the chapter. We have retained the use of a closing
outline to each chapter and have revised some of the chapter-
end questions and have added a few new ones. For those
who wish to pursue a subject further we have added new
references in the Supplementary Readings.

We have added a number of boxes for the first time.
Some of these concern technical material that might other-
wise interrupt the flow of the main text. Others are brief
vignettes about the Earth ranging in subject matter from
water witching to dental cavities. We hope the student enjoys
reading them as much as we did writing them.

The basic organization of the volume remains un-
changed from the last edition. However, as a result of com-
ments from students and colleagues we have extensively re-
vised and rewritten Chapter 3 (Origin and Occurrence of
Intrusive Igneous Rocks); Chapter 7 (Metamorphism and
Metamorphic Rocks); Chapter 11 (Continents, Oceans,
Plates, and Drift); Chapter 12 (Mass Movement); Chapter
19 (Useful Materials); and Chapter 20 (Planets, Moons, and
Meteorites), and have made other, although less extensive,
adjustments in the other chapters and in the Glossary.

The publisher is making available several pedagogical

aids in support of this volume. These include an instructor’s
manual; a student’s study guide; a set of overhead transpar-
encies; a set of color slides; and a test item file on disks
for IBM and Apple computers.

In preparing this edition we have had the benefit of
comments from the users of the sixth edition. Beyond these
we have been fortunate also in having very effective reviews
from colleagues as this volume took shape. We are pleased
and grateful to acknowledge the time and expertise of Dale
A. Abbey, Monroe Community College (Rochester, N.Y.);
Gary C. Allen, University of New Orleans; Andy R. Bobyar-
chick, University of North Carolina (Charlotte); Charles
W. Byers, University of Wisconsin-Madison; Stanley Cherni-
coff, University of Washington; George R. Clark II, Kansas
State University; Richard D. Conway, Shoreline Community
College (Seattle); Robert B. Furlong, Wayne State Univer-
sity; Carol C. Gilchrist, University of New Orleans; Bryce
M. Hand, Syracuse University; Jack H. Hyde, Tacoma Com-
munity College; M. Leroy Jensen, University of Utah; Clay-
ton H. Johnson, University of Missouri-Columbia; John Kla-
sik, California State Polytechnic University; William
Krieger, York, Pa.; Thomas Moeglin, Southwest Missouri
State University; Howard Mooers, University of Minnesota;
Steven M. Richardson, Iowa State University; Benjamin
H. Richard, Wright State University; Charles P. Thornton,
Pennsylvania State University; Franklyn B. Van Houten,
Princeton University; and Keith Young, University of Texas
(Austin).

We remain indebted to many colleagues and organiza-
tions for the use of illustrative material and acknowledge
their contributions where their material appears.

At Prentice-Hall, Holly Hodder has served as our edi-
tor and did so with efficiency, good humor and grace. Vir-
ginia Huebner and Christine Wolf saw the volume through
the intricacies of production with unflappable patience and
unerring accuracy. Lorraine Abramson, of Network Graph-
ics has overseen the preparation of maps and diagrams each
of which has benefited from her sensitive and professional eye.

Our many debts to the people, named and unnamed,
who have helped us do not relieve us of the ultimate responsi-
bility for shortcomings. They are ours.

SHELDON JUDSON
MARVIN E. KAUFFMAN

ix



CONTENTS

PREFACE ix

= CHAPTER 1
TIME AND A CHANGING EARTH 1

Overview, 2

1.1 Some Introductory Observations, 2

1.2 Time, 3

1.3 Earth Materials and the Rock Cycle, 5

1.4 Plate Tectonics, Sea-Floor Spreading,
and Continental Drift, 8

1.5 Some Practical Considerations, 12

Summary, 13

Questions, 13

Supplementary Readings, 14

Box 1.1 What’s in a Name?, 3

= CHAPTER 2
MINERALS AND MATTER 15

Overview, 16

2.1 Particles of Matter, 16

2.2 Bonding, 18

2.3 Distribution of Elements in Nature, 20

2.4 Characteristics of Minerals, 20

2.5 The Most Common Minerals, 26

2.6 Organization and Association of Minerals, 30
2.7 Reshuffling the Elements and Minerals, 31
Summary, 32

Questions, 33

Supplementary Readings, 33

Box 2.1 Scanning Electron Microscopes, 24

Box 2.2 Hardness or “Scratchability” of Minerals, 25

= CHAPTER 3

ORIGIN AND OCCURRENCE
OF INTRUSIVE IGNEOUS ROCKS 35
Overview, 36

3.1 The Earth’s Heat, 36

3.2 Formation of Igneous Rocks, 36

3.3 Texture of Igneous Rocks, 39

3.4 Classification of Igneous Rocks, 41

3.5 Origin of Magmas, 43

3.6 Masses of Igneous Rocks, 44
Summary, 47

Questions, 47

Supplementary Readings, 48

= CHAPTER 4

ORIGIN

AND OCCURRENCE

OF EXTRUSIVE IGNEOUS ROCKS 49

Overview, 50

4.1 Volcanoes, 50

4.2 Basalt Plateaus, 64

4.3 Igneous Activity and Earthquakes, 65

Summary, 65

Questions, 66

Supplementary Readings, 66

Box 4.1 Sulfur-rich El Chicon Volcano Modifies Global
Climate, 56

Box 4.2 Loo-wit (Mount St. Helens)—Beautiful Indian
Maiden, 60

= CHAPTER 5

WEATHERING AND SOILS 67

Overview, 68

5.1 Energy and Weathering, 68
5.2 Types of Weathering, 76
5.4 Rates of Erosion, 78

5.5 Soils, 81

Summary, 86

Questions, 87

Supplementary Readings, 87

= CHAPTER 6

ORIGIN AND OCCURRENCE
OF SEDIMENTS AND SEDIMENTARY
ROCKS 89

Overview, 90

6.1 Formation of Sedimentary Rocks, 90

6.2 Types of Sedimentary Rocks, 97

6.3 Features of Sedimentary Rocks, 101

6.4 Plate Tectonics and Sedimentation, 110

Summary, 110

Questions, 111

Supplementary Readings, 111

Box 6.1 Relative Abundance of Crystalline and Sedimentary
Rocks, 91

Box 6.2 Mass of Material Delivered to Oceans, 92



= CHAPTER 7

METAMORPHISM

AND METAMORPHIC ROCKS 113
Overview, 114

7.1 Metamorphic Processes and Metamorphic Changes, 114
7.2 Types of Metamorphism, 116

7.3 Metamorphic Rocks, 120

7.4 Metamorphism and Plate Boundaries, 124

7.5 Granitization vs. Metasomatism, 125

7.6 Geothermometers

Summary, 127

Questions, 127

Supplementary Readings, 128

Box 7.1 Marble from a Gun, 115

CHAPTER 8
GEOLOGIC TIME 129

Overview, 130

8.1 Relative Time, 130

8.2 The Geologic Column, 135
8.3 Absolute Time, 136

8.4 The Geologic-Time Scale, 140
8.5 Magnetostratigraphy, 144
Summary, 144

Questions, 145

Supplementary Readings, 145

CHAPTER 9
DEFORMATION 147

Overview, 148

9.1 Stress, Strain, and Strength of Rocks, 148
9.2 Features of Plastic Deformation, 150

9.3 Features of Brittle Deformation, 157

9.4 Deformation of the Earth’s Crust, 163
Summary, 165

Questions, 166

Supplementary Readings, 167

Box 9.1 Isostasy and Equilibrium, 150

Box 9.2 Why Do We Still Have Mountains?, 165

CHAPTER 10

EARTHQUAKES AND THE EARTH'S
INTERIOR 169

Overview, 170

10.1 Seismology, 170

10.2 Early Instrumental Observations, 170

10.3 Modern Seismology, 172

10.4 Earth Waves, 173

10.5 Records of Earthquake Waves, 174

10.6 Interpreting Earthquakes, 177

10.7 Cause of Earthquakes, 182

vi Contents

10.8 Earthquakes Resulting From Plate Movements, 184

10.9 Effects of Earthquakes, 189

10.10 Earthquake Prediction and Control, 193

10.11 Structure of the Earth, 194

Summary, 197

Questions, 198

Supplementary Readings, 198

Box 10.1 Comparing Magnitude and Intensity, 178

Box 10.2 List of the Twentieth Century’s Most Deadly
Natural Disasters, 179

Box 10.3 The Parkfield Earthquake Prediction
Experiment, 185

Box 10.4 Cracks in the Ground, 192

= CHAPTER 11

CONTINENTS, OCEANS, PLATES,

AND DRIFT 201

Overview, 202

11.1 Origin and Permanence of the Continents and Ocean
Basins, 202

11.2 Continental Drift, 202

11.3 Magnetism and Paleomagnetism, 207

11.4 Sea-Floor Spreading, 213

11.5 Plate Tectonics, 215

Summary, 225

Questions, 225

Supplementary Readings, 226

Box 11.1 Earth Catscan, 220

Box 11.2 Microplates—‘‘Exotic Terranes,” 224

m CHAPTER 12

MASS MOVEMENT OF SURFACE
MATERIAL 227

Overview, 228

12.1 Factors of Mass Movements, 228

12.2 Slow Movements, 230

12.3 Movements of Moderate Velocity, 234
12.4 Rapid Movements, 236

Summary, 239

Questions, 240

Supplementary Readings, 240

Box 12.1 A Woozy Mountain, 238

m CHAPTER 13
RUNNING WATER 241

Overview, 242

13.1 World Distribution of Water, 242
13.2 Hydrologic Cycle, 243

13.3 Stream Flow, 244

13.4 Economy of a Stream, 246

13.5 Work of Running Water, 252



k]

13.6 Features of Stream Valleys, 255

13.7 Of Rivers and Continents, 270
Summary, 270

Questions, 271

Supplementary Readings, 272

13.1 Estimating Flood Recurrence, 249
13.2 Captured and Beheaded by Pirate, 261
13.3 Time and the River, 264

CHAPTER 14
UNDERGROUND WATER 273

Overview, 274
14.1 Basic Distribution, 274
14.2 Movement of Underground Water, 276
14.3 Wells, Springs, and Geysers, 277
14.4 Recharge of Groundwater, 283
14.5 Caves and Related Features
14.6 Some Groundwater Problems
Caused by Human Use, 287
Summary, 290
Questions, 291
Supplementary Readings, 292
14.1 Water Witching, 281
14.2 Cave Exploration, 285
14.3 The Case of the “Mottled Tooth,” 288

CHAPTER 15
GLACIATION 293

Overview, 294

15.1 Glaciers, 294

15.2 Results of Glaciation, 300

15.3 Development of the Glacial Theory, 310
15.4 Extent of Pleistocene Glaciation, 312
15.5 Pre-Pleistocene Glaciations, 313

15.6 Causes of Glaciation, 313

15.7 Implications for the Future, 316
Summary, 317

Questions, 317

Supplementary Readings, 318

15.1 Surging Glaciers, 299

15.2 Diamonds and Glaciers, 308

CHAPTER 16
THE OCEANS 319

Overview, 320

16.1 Seawater, 320

16.2 Currents, 322

16.3 The Oceanic Basins, 327

16.4 Topography of the Sea-floor, 328
16.5 Sediments of the Oceans, 334

16.6 Shorelines, 336

16.7 The Changing Sea-level, 341
Summary, 343

Questions, 343

Supplementary Readings, 344

16.1 The Mediterranean Was a Desert, 324
16.2 Deap-Sea Drilling Project, 327

= CHAPTER 17
WIND AND DESERTS 345

Overview, 346

17.1 Distribution of Deserts, 346

17.2 Work of the Wind, 347

17.4 Other Processes of the Desert, 359
Summary, 360

Questions, 361

Supplementary Readings, 361

Box 17.1 Dust Bowl, 351

= CHAPTER 18
ENERGY 363

Overview, 364

18.1 Natural Resources, 365
18.2 Coal, 366

18.3 Oil and Natural Gas, 368
18.4 Water Power, 376

18.5 Nuclear Power, 376

18.6 Geothermal Power, 377
18.7 Solar Energy, 378

18.8 Other Sources of Energy, 378
Summary, 379

Questions, 379

Supplementary Readings, 380
Box 18.1 Drake’s Folly, 369
Box 18.2 OPEC, 373

= CHAPTER 19
USEFUL MATERIALS 381

Overview, 382

19.1 Mineral Deposits, 382

19.2 Metallic Deposits, 387

19.3 Nonmetallic Deposits, 390

19.4 Earth Materials and Society, 394
Summary, 395

Questions, 395

Supplementary Readings, 396

Box 19.1 De Re Metallica, 384

Box 19.2 The Mines of Laurium, 386

Contents

vii



= CHAPTER 20 = APPENDIX B

PLANETS, MOONS, PERIODIC CHART 438
AND METEORITES 397

Overview, 398
20.1 Our Sun and Solar System, 398 = APPENDIX C

20.2 Mercury, 400
20.3 Venus, 401 EARTH DATA 439

20.4 The Earth, 402

20.5 Earth’s Moon, 403

20.6 Mars, 406 " APPENDIX D

20.7 Overview of Our Moon TOPOGRAPHIC AND GEOLOGIC
and the Terrestrial Planets, 410 MAPS 442

20.8 Asteroids, 411 D.1 Topographic Maps, 442

20.9 Jupiter, 411 D.2 Geologic Maps, 444

20.10 Saturn, 414
20.11 Uranus, 411

20.12 Beyond Uranus, 416
20.13 Meteorites, 417 CLOSSARY 447

20.14 Comets, 418 INDEX 471

Summary, 418

Questions, 419

Supplementary Readings, 419
Box 20.1 Meteorites on Ice, 417

= APPENDIX A

MINERALS 420
A.1 Mineral Characteristics, 420
A.2 Important Minerals, 423

viii Contents






OVERVIEW

This initial chapter provides a first look at physical geology. We introduce a few
important concepts underlying much of what we shall discuss in some detail in later
chapters.

First, Earth time is long—about 4.6 billion years—and like human history, it
can be considered in either relative or absolute terms. This vast expanse of time
has made it possible for very slow processes to effect very large changes in the Earth.

Second, we find that understanding present-day Earth processes provides the
key to interpreting the rock record. This simple but powerful concept allows us to
extrapolate from the present deep into the past. This past, this history, is recorded
in the rocks: igneous, sedimentary, and metamorphic.

A third major concept is that of the rock cycle. This provides a useful model
by which to arrange the different rock groups, the changes they undergo, and the
processes that connect the various parts of the rock record. In turn, the rock cycle
leads logically to a preliminary description of plate tectonics, sea-floor spreading,
and continental drift. These last three processes have unified much of our thinking
about the Earth as a dynamic, changing body and have become an effective elaboration

of the rock cycle.

Fourth, we make the perhaps overly obvious point that geology has had, and
will continue to have, practical applications to a wide range of human activities.

13

SOME INTRODUCTORY
OBSERVATIONS

‘Geology (from the Greek for “earth” and “knowledge”)
is the science of the Earth, an organized body of knowl-
edge about the globe on which we live—about the moun-
tains, plains, and ocean deeps, about the history of life from
amoeba to humanity, and about the succession of physical
events that accompanied this orderly development of life
(Figure 1.1).

Geology helps us unlock the mysteries of our environ-
ment. Geologists explore the Earth from the ocean floors
to the mountain peaks to discover the origins of our conti-
nents and the encircling seas. They try to explain an im-
mensely complex landscape shaped, for example, by the sud-
den violence of earthquake or volcano and, as importantly,
by the gentler and slower processes of water in streams or
underground or by the almost imperceptible changes of firm
rock to pulverulent soil. They probe the action of glaciers
that crawled over the land and then melted away hundreds
of millions of years ago, and of some that even today cling
to high valleys and cover most of Greenland and Antarctica,
the remnants of a recent but presently receding glaciation.

Geologists search for the record of life from the earliest
one-celled organisms of ancient seas to the complex plants
and animals of the present. This story, from simple algae
to seed-bearing trees and from primitive protozoa to highly
organized mammals, is told against the ever-changing physi-
cal environment of the Earth.

Geologists are by no means earthbound, however. They
have already applied their knowledge to the study of other

2 Chapter 1 / Time and a Changing Earth

1.1 The Earth seen from the Apollo 8 spacecraft during its journey
to the Moon. Atmosphere partially obscures the Earth's surface. This

atmosphere, however, makes possible not only life but oceans, rivers,
glaciers, and winds. [NASA.]

bodies in our solar system (see Chapter 20). One can confi-
dently predict that when observations of the planets and
moons of other solar systems are possible, geologic principles
will apply to their study as well (see Box 1.1.)

The Earth has not always been as we see it today,
and it is changing (but slowly) before our eyes. The highest
mountains are built of materials that once lay beneath the
oceans. Fossil remains of animals that swarmed the seas
millions of years ago are now dug from lofty crags. Every
continent is partially covered with sediments that were once



The word geology derives from the Greek
geo, “Earth,” and logos, “discourse,” and
comes to us through the Latin. The
present meaning of geology, “science of
the Earth,” came into use in the late
eighteenth and early nineteenth centuries.

The medieval Latin word “geologia” was
apparently used for the first time by
Richard de Bury in the fourteenth
century. To him, it meant the study of
the law. If you were reading the Italian
F. Sessa’s 1687 volume Geologia, you
would discover that the author was trying

to demonstrate that the “influences”
ascribed by the astrologers to the stars
actually came from the Earth.

Students of the Earth 150 to 200 years
ago might have known their subject either
as geology or as geognosy. They were
essentially the same subjects. Geognosy
didn’t catch on as a word; nor did
geonomy, introduced a century ago as a
synonym for geology.

Today we pretty well know what we mean
when we use the term geology . True, some
colleges and universities call the study of

the Earth geoscience and others maintain
that Earth science is a better term.
Indeed, there are some differences in
meaning among these terms. For our
purposes here, we prefer the term geology,
and follow a general definition coined by
one of our colleagues:

geeol-o-gy, n. The study of the Earth
and other solid bodies in space. Geology
applies the techniques originally devised
for Earth problems to deciphering the
present attributes, history, and origin of
any natural solid body.

laid down on the ocean floor, evidence of an intermittent
rising and settling of the Earth’s surface.

In this chapter we take a preliminary look at some
of the important concepts in the study of our changing Earth.
In subsequent chapters we shall discuss at greater length
the subjects touched on here. Therefore you must read this
chapter with the understanding that the assertions we make
will be more fully explained at appropriate later points. This
chapter is intended to provide a framework within which
to organize your thinking about much of that more detailed
material: It serves as a kind of map by which to chart our
exploration of physical geology.

1.2
TIME

We now know that the Earth is about 4.6 billion years old—
nearly a million times the age attributed to it in the seven-
teenth century. We are less certain about the age of the
universe, of which our Earth is a part. But most current
evidence suggests that the universe is more than three times
the age of the Earth.

In the following paragraphs we briefly discuss some
of the ways in which geologic time is divided and measured,
deferring until Chapter 8 a more detailed consideration of
the subject.

ABSOLUTE AND RELATIVE TIME

An initial and casual reaction to the notion of time is that
we can mark it off without much difficulty, even though
we recognize, as Thomas Mann wrote in The Magic Moun-
tain, that

time has no division to mark its passage, there is never a
thunder-storm or blare of trumpets to announce the
beginning of a new month or year. Even when a new century
begins it is only we mortals who ring bells and fire off guns.!

Nevertheless, our modes—seconds, years, millennia,
and the rest—are all we have to work with; consequently
we can consider geologic time from two points of view: as
relative or as absolute. Relative time—that is, whether one
event in earth history came before or after another event—
disregards years (Figure 1.2) On the other hand, whether
a geologic event took place a few thousand years ago, a
billion years ago, or at some date even farther back in earth
history is reported in absolute time (Figure 1.3).

Relative and absolute time in Earth history have their
counterparts in human history. In tracing the history of
the Earth we may wish to know whether some event, such
as a volcanic eruption, occurred before or after another event,
such as a rise in sea level, and how these two events are
related in time to a third event, perhaps a mountain-building
episode. In human history, too, we try to determine the
relative position of events in time. In studying United States
history we find it important to know that the Revolutionary
War preceded the Civil War and that the Canadian-Ameri-
can boundary was fixed sometime between these two events.

Sometimes events in both Earth history and human
history can be established only in relative terms. Yet our
record becomes increasingly precise as we fit more and more
events into an actual chronological calendar: If we did not
know the date of the United States—Canadian boundary
treaty—if we knew only that it was signed between the two
wars—we could place it between 1783 and 1861. (Recorded
history, of course, provides us with the actual date, 1846.)

! Thomas Mann, The Magic Mountain, trans. H. T. Lowe-Porter, p. 225,
Modern Library, Inc., New York, 1955.

1.2 Time 3



1.2 These layers of rock in the walls of the Grand Canyon of the
Colorado River in Arizona record relative time. Each layer is younger
relative to the layers beneath and older relative to the layers above.
[Neil Lundberg.]

1.3 This fragment of spruce log was part of a tree in a buried forest
at Two Creeks, Wisconsin. Measurements of its content of radioactive
carbon (carbon 14) give us an absolute age of the death of the tree
as some 11,350 radiocarbon years ago. The fragment is about 20
cm long. [Willard Starks.]

Naturally, we should like to date geologic events with
similar precision. But so far this has been impossible, and
the accuracy we have achieved in dating human history—
that is, written human history—will likely never be dupli-
cated in geologic dating. Still, we can determine approximate
dates for many geologic events, which are probably of the
correct order of magnitude. We can say that dinosaurs be-
came: extinct about 63 million yeafs ago and that about
11,000 years ago the last continental glacier began to recede
from New England and the area bordering the Great LaKes.

4  Chapter 1 / Time and a Changing Earth

Radioactivity Radioactive elements (those whose nu-
clei spontaneously emit particles‘to produce new elements,
as discussed in Section 8.3) have provided the most effective
means of measuring absolute time. The rate at which a given
radioactive element decays is (so far as we have been able
to determine) unaffected by changes in physical conditions
or by time. So if we know the amount of original radioactive
material (the parent) that remains, the rate of radioactive
decay, and the amount of new elements (the daughters) that
has formed, then we can calculate the time elapsed since
radioactive decay began. Of course, the calculation is not
quite so simple, as we discuss in Section 8.3. Nevertheless,
from the time that the first radioactive-age determinations
were made (in 1907) to now, we have learned enough about
the techniques and pitfalls of radioactive dating to be confi-
dent about the thousands of dates now available, particularly
those determined during the last two decades. A variety
of elements has proved useful, with a time range from that
of carbon 14, which can be used to date events that occurred
a few hundred to a few tens of thousands of years ago, to
that of an element such as uranium 238, which has the
potential of dating events several times greater than the age
of the Earth.

DIVISIONS OF GEOLOGIC TIME

The application of radioactive elements to the measurement
of geologic time became useful only after geologists had
already constructed a calendar of geologic events. This calen-
dar, still in use, was based on the ages of rock units relative
to each other. Such relative ages were determined by conclu-
sions drawn from a number of phenomena, including the
superposition of younger rocks on older rocks, the cutting
of older rocks by more recently formed rocks, and the pro-
gressive evolutionary stages of plant and animal life, as repre-
sented by remains in some rocks. The methods are discussed
in detail in Section 8.1. It suffices to say here that the arrange-
ment of rock units and the Earth events they record in
the geologic calendar, as determined before the twentieth
century, have been confirmed by the absolute dates of later
radioactive dating.

The rock units in their proper chronological order
make up the geologic column, which is reproduced on the
front endpaper of this book.

UNIFORMITARIANISM

Modern geology was born in 1785, when James Hutton
(1726-1797), a Scottish medical man, gentleman farmer, and
geologist (Figure 1.4), formulated the principle now known
to geologists as the doctrine of uniformitarianisnt. This prin-
ciple simply means ‘that"the physical processes operating
in the present to modify the Earth’s surface also operated
in' the geologic past—which is another way of saying that
the laws of nature are unchanging. We are reasoning by
analogy when we say that the record of the past was created



1.4 Many of the concepts of present-day geology stem from the
eighteenth-century studies of James Hutton, a gentleman who is reported
to have been less austere than he appears here.

by processes that are still operating today. True, the intensity
of any process may—and does—change with time, but the
basic process remains the same.

Here is an example. We know from observations that
modern glaciers deposit a distinctive type of debris made
up of rock fragments that range in size from submicroscopic
particles to boulders weighing several tons. This debris is
jumbled, and many of the large fragments are scratched
and broken. We know of no agent other than glacier ice
that produces such a deposit. Now suppose that in the New
England hills or across the plains of Ohio or in the deep
valleys of the Rocky Mountains we find deposits that in
every way resemble glacial debris but find no glacier in the
area. We can still assume that the debris was deposited by
now-vanished glaciers. On the basis of evidence like this,
geologists have worked out the concept of the great Ice
Age (Chapter 15).

Such an example can be multiplied many times. For
instance, most earth features and rocks exposed at the
Earth’s surface today are explained as the result of past
processes similar to those of the present. We shall find that
many conclusions of physical geology are based on the con-
viction that modern processes also operated in the past.

Armed with Hutton’s concept of uniformitarianism,
nineteenth-century geologists were able to explain Earth fea-
tures on a logical basis. But the very logic of the explanation
gave rise to a new concept for students of the Earth. Presum-
ably, past processes operated at the same slow pace as do
those of today. Consequently very long periods of time must
have been available for those processes to accomplish their
tasks. It was apparent that a great deal of time was needed
for a river to cut its valley or for hundreds or thousands
of feet of mud and sand to be deposited on an ocean bottom,
and then harden into solid rock, and rise far above the level
of the sea.

The concept of almost unlimited time in Earth history
is thus a necessary outgrowth of the application of the princi-
ple that the present is the key to the past. For example,
geologists know that mountains as high as the modern Rock-
ies once towered over what are now the low uplands of
northern Wisconsin, Michigan, and Minnesota. But only
the roots of these mountains are left, the great peaks having
long since disappeared. Geologists explain that the ancient
mountains were destroyed by rain and running water, creep-
ing glaciers and wind, and landslides and slowly moving
rubble, and that these processes acted essentially as they
do in our present-day world.

Now think of what this explanation means. We know
from firsthand observation that streams, glaciers, and winds
have some effect on the surface of the Earth. But how can
such feeble forces level whole mountain ranges? Instinct and
common sense tell us that they cannot. This is where the
factor of time comes into the picture. True, the small, almost
immeasurable amount of erosion that takes place in a human
lifetime has little effect; yet when the erosion during one
lifetime is multiplied by millions of lifetimes, mountains can
be worn away. Time makes possible what seems impossible.

Before ending these observations on uniformitarianism,
we should raise a warning flag already hinted at in the final
sentence of the opening paragraph of our discussion. No
process is “uniform” all over the world at any one time.
Its rate and intensity can be—and usually are—different
from place to place. Some areas erode faster than others;
some are less prone to earthquakes than others. By the same
token, rates and intensities may change with time. For exam-
ple, a meteoritic impact is relatively rare today compared
to the earliest history of the Earth, when impacts were not
only extremely numerous but also, at least some of them,
enormously large.

A final word: Some events are “catastrophic.” These
are rare and unlikely to be experienced in the average human
lifetime. But we should view catastrophic events not as the
result of a unique process, but rather as extreme end mem-
bers of a familiar process. Thus a gigantic flood that happens
once every 100 years or so appears unique when compared
with an average annual flood. But the process of flooding
obeys the same basic principles whether the event is large
or small, catastrophic or benign.

1.3

EARTH MATERIALS
AND THE ROCK CYCLE

Geology is based on the study of rocks. We seek to know
their composition, their distribution, how they are formed
and destroyed, and why they are lifted up into continental
masses and depressed into ocean basins.

Rock is the most common material on Earth. We may
recognize it as the gravel in a driveway, the boulders in a
stream, or the cliffs along a ridge. It is the stuff that forms
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1.5 Relation of particles, elements, minerals, rocks, and the crust of the Earth.

the crust of our earth. Close examination demonstrates that
rock can be divided into three major groups based on mode
of origin: igneous, sedimentary, and' metamorphic.

When we look deeper, we find that a rock is merely
an assemblage of minerals. These minerals are chemical com-
pounds with definite compositional and physical characteris-
tics. Over 2,000 different minerals have been described; but
only a handful (a dozen, more or less) make up the great
bulk of the rocks of the Earth’s crust. Digging farther, as
we do in Chapter 2, we recognize that minerals are composed
of chemical elements that in turn are made up of differing
arrangements of protons, electrons, and neutrons. Figure
1.5 is a convenient way of relating these various levels of
matter.

THE THREE ROCK FAMILIES

In later chapters we will examine the three rock families—
igneous, sedimentary, and metamorphic—in some detail.
Here we will merely take an introductory look at them.
Igneous rocks, the ancestors of all other rocks, take
their name from the Latin ignis, meaning ‘““fire.”” They form
when a hot molten mass cools. When this material lies be-
neath the surface, we call it a magma. Igneous rocks that
form the magma are hidden from our view until erosion
strips away the overlying rock. When the magma works
its way to the surface it may explode violently to form layers

1.6 Volcano Arenal in Costa Rica is a cone built up of layers of lava
and associated beds of volcanic ash and cinders. The material was
derived from molten rock, magma, deep beneath the surface. [Andrea
Borgia.]
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of ash and cinders, or may erupt more quietly as a stream
of molten material that we call lava. Both of these may
combine to build a volcanic cone (Figure 1.6). The lava
cools rapidly—in days or weeks—into firm, solid rock. By
contrast, the molten mass at depth cools and solidifies very
slowly over hundreds of thousands, even millions of years.
Most sedimentary (Latin sedimentum, ‘settling’’)
rocks are made up of particles derived from the breakdown
of preexisting rocks. Usually these particles are transported
by gravity, water, wind, or ice to new locations, where they
are deposited in new arrangements. For example, waves beat-
ing against a rocky shore may provide the sand grains and
pebbles for a nearby beach. If these beach deposits were
to harden, we should have sedimentary rock. As we will
see later, however, a few sedimentary rocks form from the
direct chemical precipitation of minerals. One of the most
characteristic features of sedimentary rocks is the layering
of the deposits that go to make them up (Figure 1.7).
Metamorphic rocks compose the third large family
of rocks. Metamorphic® (from the Greek words meta,
‘“change,” and morphé, “form’’) refers to the fact that the
original rock has changed from its primary form to a ne%

~

1.7 Layering is very characteristic of sedimentary rocks. Here in
Pueblo County, Colorado, beds of limestone alternate with beds of
shale. The shale beds are slightly recessed because they weather more
rapidly than limestone in the fairly dry climate of the area. The limestone
beds vary between 5 and 20 cm in thickness. [G. K. Gilbert, U.S.
Geological Survey.]




1.8 These twisted bands of metamorphic rock in Aberdeenshire, Scotland, began as flat-
lying layers of limey muds. They were then turned into the sedimentary rock limestone. Later
they were subjected to high pressure and temperature and the resulting contorted beds are
the metamorphic rock, marble. [Geological Survey of Great Britain.]

form. Earth pressures, heat, and chemically active fluids
beneath the surface may all be involved in changing an origi-
nally sedimentary or igneous rock into a metamorphic rock
(Figure 1.8).

THE ROCK CYCLE

We have suggested that there are definite relationships
among sedimentary, igneous, and metamorphic rocks. With
time and changing conditions, any one of the rock types
may be changed into some other form. These relationships
form a cycle, as shown in Figure 1.9, which is simply a
way of tracing out the various paths that earth materials
follow. The outer circle represents the complete cycle; the
arrows within the circle represent shortcuts in the system
that can be, and often are, taken. Notice that the igneous
rocks are shown as having been formed from a magma and
as providing one link in a continuous chain. From these
parent rocks, through a variety of processes, all other rocks
can be derived.

First, weathering attacks the solid rock, which either
has been formed by the cooling of a lava flow at the surface
or is an igneous rock that was formed deep beneath the
Earth’s surface and then was exposed by erosion. The prod-
ucts of weathering are the materials that will eventually
go into the creation of new rocks—sedimentary, metamor-
phic, and even igneous. Landslides, running water, wind,
and glacier ice all help to move the materials from one place
to another. In the ideal cycle this material seeks the ocean
floors, where layers of soft mud, sand, and gravel are consoli-
dated into sedimentary rocks. If the cycle continues without
interruption, these new rocks may in turn be deeply buried
and subjected to pressures caused by overlying rocks, to
heat, and to forces developed by earth movements. The sedi-

mentary rocks may then change in response to these new
conditions and become metamorphic rocks. If these meta-
morphic rocks undergo continued and increased pressure
and heat, they may eventually lose their identity and melt
into a magma. When this magma cools, we have an igneous
rock again; we have come full circle.

But notice too that the complete rock cycle may be
interrupted. An igneous rock, for example, may never be
exposed at the surface and hence may never be converted
to sediments by weathering. Instead, it may be subjected
to pressure and heat and converted directly into a metamor-
phic rock without passing through the intermediate sedimen-
tary stage. Other interruptions may take place if sediments
or sedimentary rock or metamorphic rock are attacked by
weathering before they continue to the next stage in the
larger, complete cycle.

This concept of the rock cycle was probably first stated
in the late eighteenth century by James Hutton, whom we
have already mentioned.

We are thus led to see a circulation in the matter of this
globe, and a system of beautiful economy in the works of
nature. This earth, like the body of an animal, is wasted
at the same time that it is repaired. It has a state of growth
and augmentation; it has another state, which is that of
diminution and decay. This world is thus destroyed in one
part, but it is renewed in another; and the operations by
which this world is thus constantly renewed are as evident
to the scientific eye, as are those in which it is necessarily
destroyed.?

2 James Hutton, Theory of the Earth, vol. 2, p. 562. Edinburgh, 1795.
Hutton’s theory of the earth was first presented as a series of lectures
before the Royal Society of Edinburgh in 1785. These lectures were pub-
lished in book form in 1795. Seven years later Hutton’s concepts were
given greater circulation in a more readable treatment, called Illustrations
of the Huttonian Theory, by John Playfair.
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1.9 The rock cycle shown diagrammatically. If uninterrupted, the cycle will continue clockwise
around the outer margin of the diagram from magma to igneous rocks to sedimentary rocks to
metamorphic rocks and back to magma. The path may be interrupted, however, and follow one of
the arrows through the interior of the diagram.

We can consider the rock cycle to be a kind of outline
of physical geology, as a comparison of Figure 1.9 with
the Contents of this book will show.

1.4

PLATE TECTONICS, SEA-FLOOR
SPREADING, AND CONTINENTAL
DRIFT

To generations of geologists it has been clear that the Earth
is a dynamic, changing body. As we have pointed out, new
rocks—sedimentary rocks—are made from the weathered
debris of older rocks, and they can be crumpled, metamor-
phosed, and lifted into high mountain chains; or old rocks
can be melted and the resulting magma cooled to form igne-
ous rocks. Indeed, these changes can be traced in nature
and pictured as we have in the rock cycle in Figure 1.9.
But only recently have we been able to fit the rocks and
their alterations into a worldwide, integrated system and
to explain in a general way the origin of continents and
ocean basins and of mountain ranges and continental plains,

8  Chapter 1 / Time and a Changing Earth

as well as the location of volcanoes and earthquake belts.
Two of the processes involved are referred to as plate tecton-
ics and sea-floor spreading. Although we shall later exten-
sively discuss these processes—particularly in Chapter 11—
we take a preliminary look at them here. They include the
movement of several large plates that, fitted together, form
the rigid rind of the Earth. This movement causes the growth
as well as the closure of ocean basins and the creation of
earthquakes, volcanoes, and mountain building along the
plate boundaries. The movement also accounts for the shift-
ing positions of continents over the last several hundred
million years. The processes focus on the outer 200 km
(kilometers) of the Earth, a subject to which we shall also
return later. Meanwhile a brief sketch of what we know
about this zone is presented below.

LITHOSPHERE, ASTHENOSPHERE, CRUST,
AND MANTLE

The outer 50 to 100 km of the Earth is a rigid shell of
rock called the lithosphere (from the Greek lithos, “rock,”
and “sphere”). Yet as observations from deep mines tell
us, the temperature of the Earth increases by around 15°C
(Celsius) with each kilometer of depth. So at a depth of
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1.10 The relationships between the upper mantle and crust (continental and oceanic) and
the lithosphere and asthenosphere. (See also Figure 10.28.)

about 70 km the temperature averages 1000°C,‘ at which
rock will slowly flow if pressure is applied. This “soft”’ zone,

“which is encountered at a depth from 70 to 100 km, is
called the asthenosphere (Greek asthenés, “weak”). As we
shall see, its existence helps explain some of the Earth’s
major movements, both vertical and horizontal.

The lithosphere and asthenosphere are distinguished
by temperature, but we can also divide the outer part of
the Earth into shells on the basis of composition. We speak,
therefore, of the skin of the Earth as the crust and of the
bulk of the Earth beneath the crust as the mantle. A wide
variety of rock types constitutes the Earth’s crust, and we
can make direct observations of most of the types. A discon-
tinuous cover of sedimentary rocks, a few meters to a few
kilometers thick, overlies igneous and metamorphic rocks.
The crust beneath the continents is thicker (averaging about
35 km) than that beneath the oceans (about 5 km). A dark-
colored, relatively heavy igneous rock called basalt domi-
nates the crust beneath the oceans, and we quite naturally
call it oceanic crust. Its density, about 3 g/cm?® (grams per
cubic centimeter), contrasts with the lighter-weight continen-
tal crust, with a density of about 2.6 g/cm3. A large portion
of the continental crust is composed of the igneous rock
called granite, which not only is less dense than basalt but
also is light gray to pink in color. Beneath the rocks of
the crust at a depth of 5 to 50 km lies the mantle, made
of rocks with a density of about 3.3 g/cm?; the asthenosphere
lies within the upper mantle (Figure 1.10).

VERTICAL MOVEMENTS AND ISOSTASY

Precise surveying shows that when a sufficiently large lake
forms behind a dam, it will depress the Earth’s crust slightly.
We also know that when glaciers expanded during the Ice

Age, their weight depressed large areas of the crust. Con-
versely, when the glaciers waned and disappeared, the land
rose, recovering its earlier elevation; and even today some
areas of Scandinavia and Canada are still rising in response
to the melting of the last glaciers. Again, we know that
surface elevations can be affected by changes in temperature
in the zones beneath. For instance, the Midatlantic Ridge
stands high in the Atlantic Ocean basin because of increased
heat flow from below along this axis of rifting. As we will
see in the following paragraphs, the ocean floor moves slowly
away from this zone of high heat, and as it does, it cools
and subsides to lower and lower elevations below sea level.
The ancient geologic record provides other examples. Studies
of thick sequences of sedimentary rocks show numerous situ-
ations in which thousands of meters of sediments accumu-
lated in shallow marine environments. There is no way to
explain a continuous pile of shallow-water sediments unless
the basin in which they had accumulated was shallow from
the beginning and kept sinking slowly as additional sedi-
ments were added.

In all these examples of vertical movement portions
of the Earth’s crust behave as if they were floating in a
soft, slowly flowing zone. And that is what we believe hap-
pens. The crust and the uppermost mantle that lie above
the asthenosphere have some strength. But they cannot resist
the pull of gravity, and they respond to the addition or
removal of a load. So if material such as water, ice, or sedi-
ments is added at the surface, that overloaded area (and
the column of rigid rock beneath) sinks slightly into the
asthenosphere; conversely, if a load is removed, an area of
the crust floats upward. This floating balance of the crust
is called isostasy (meaning “equal standing”; Figure 1.1 1).
It explains why the thick, lightweight continental crust
stands high in relation to the ocean basins underlain by
thinner, heavier oceanic crust.
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