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Preface

hen we wrote our first textbook, Earth, geol-

ogy was a field flush with the excitement of

new discovery. Recognition of continental
drift only a decade earlier had triggered a revolution in
understanding our planet. For the first time, an all-
encompassing synthesis of geological knowledge was be-
ing advanced. Plate-tectonic theory gave us a framework
for learning about the immense forces turning cyclically
in Earth’s mantle and crust and their effects on the at-
mosphere, oceans, and biosphere. This new picture of
Earth as a dynamic, coherent system was central to our
writing of that book and its successor, Understanding
Earth. We wanted to share with as many students as pos-
sible something of the exhilaration and intellectual ex-
citement the profession was feeling. We have been enor-
mously gratified by the warmth and loyalty with which
each edition of Earth and, later, Understanding Earth,
has been received.

More than thirty years into the plate-tectonics revo-
lution, an understanding of the whole Earth system is
more necessary than ever. The world in which we live
has changed. With its growing population and increas-
ingly industrial societies, our world is using more re-
sources, contributing more to pollution of air, water, and
land, and becoming more vulnerable to environmental
disaster than ever before. Human disturbances of the en-
vironment now equal or exceed natural disturbances in
magnitude and rate. Our planet enjoys a unique and del-
icate balance of conditions that allowed life to begin and
countless life forms to flourish. Because they affect mul-
tiple systems and ultimately the whole Earth, relentless
abuses of the environment are a threat to life on the planet.

Students now in college belong to the generation that
will lead our world through the first decades of this new
century. We believe that the social, political, and eco-
nomic issues they face will prove many times more chal-
lenging than those we have already encountered. To make
wise decisions about such issues as resource develop-
ment, waste management, environmental protection, and
land use, they will have a tremendous need for scientific
literacy in general and an understanding of geology in
particular. We have brought this conviction to our text-
book.

Xvi

Goals of the Third Edition

This book is written for a one-semester course in physi-
cal geology. In working on this new edition, we have been
aware of how much the discipline of geology has changed
in the last decade, not only through new discoveries but
also in the realm of public policy. We have also seen how
the teaching of this course has evolved, especially in the
coming-of-age of educational media. These develop-
ments have convinced us that we continue on the right
track. Now more than ever, students need to understand
what physical geology teaches us about the world.

Our goal has been to retain the features that were so
successful in the previous editions, such as:

e the organization into four parts

o the careful and scientifically accurate development
of topics

e the use of real-life analogies
o the excellent illustration program

e end-of-chapter pedagogy, including Summaries,
Key Terms, Exercises, Thought Questions, Team
Projects, Suggested Readings,

o the interactive CD-ROM

At the same time many new features and updates
have been added. We have also made the new edition
somewhat shorter than its predecessor. The text was re-
viewed closely and objectively to remove material that
was outdated, redundant, or rarely used in the course. The
two resource chapters have been combined into a single
chapter.

In revising Understanding Earth, we focused on
making the material as current, accessible, and relevant
to students’ lives as possible. This Third Edition places
new emphasis on Earth systems as an underlying theme
to go along with the continuing theme of plate tectonics.
Key issues in geology are highlighted in boxed features
focusing on public policy and on interpreting Earth and
its systems. We’ve added new chapter outlines, new, high-
lighted chapter goals, and many new and revised line
drawings and photographs.



What’s New

While continuing the successful pedagogy of the
previous editions, we have added some exciting
new features, including:

An Expanded Earth Systems Theme
This theme is now introduced in a
separate section in Chapter 1, revisited
in separate sections in many chapters
throughout all four parts of the book,
and brought together in the final chapter,
“Earth Systems, Cycles, and Human

Impacts.”

Metamorphism and the
Earth System

Metamorphism, like all other PIOCCSSEs, 18 pant
of the Earth system, A major aspect of metamorphisnt 18
Earth's imemal heat. which drives metamorphism that is
temperature controlled. By this control, Earth's interior
runs the pans of the Earth system that govern metamor
phic-—and igncous—processes, As we will see luter in
this chapter, metmorphisim results in the exhulation of
water vapor, carbon dioxide, and other gases,
leuk 1o the surface a

ese gases
d contribute to the atmosphere. thus
alfecting processes that depend on atmospheric compo-
wition, such as weathenng und carbon dioxide.

15.2 lmemfcmig

Vostok and GRIP: Ice-Core
Drilling in Antarctica and
Greenland

At the Vostok science station i the frozen Antaretic,
Russian scientists have been working vear round since
1960 1o discover the climutological history of Earth that
is hidden in the ice, which may prove to be # source of
insight into global climate change.

Russian scientists at Vostok science station in Antactica
carefully removing un ice core from a deill. The lavers
produced by annual cyeles of ice formation are visible. (R 1
Laboratorie de glaciologie et géophysigue de
Uemvirannement, Centee National de lo Recherche Scientifigne |

In the 1970s, scientists at Vostok drilled boreholes 500
10 952 m deep in the castern Antarctic ice and brought
up asetof ice cores showing layers produced by wnnual
cycles of fee formation from snow. Careful counting of
the layers, working [rom the top down, revealed the age
of the ice. much as teee rings reveal how old a tree is.
This time-stratigraphic record of the ice proved o
correlate with the temperatures thought to prevail when
the layers formed. A high ratio of oxygen-18 10 oxygen-
16 in an ice Jayer indicates that the ice formed when the
atmospheric temperature was relatively high. In addition,
high concentrations of carbon dioxide. methane, and
other “greenhouse gases,” so called for their warming

At mepiiEn
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ATMOSPHERE ™
AND HY OROSPHERE

Fgure L9 Farih's lihosphere, smosphere. hydrosphore, and hiosphere see linked Driven by

solar energy and Eanh's intemal fic

ter and enerzy eyele timugh then and de
weather, intluence the Tormation and modification of rocks, and aifeel i livi

B o, YW LSSt

Sediments in the Earth System

The sedimentiry stages of the rock cyele can be se
linked components of the Earth sysiem that governs

e

Changes in Sea Level: Glaciers
and Earth Systems

surface and shallow crust of Eacth. For example. weath-
ering and erosion are the results of interaction of the solid
crust with the atmosphere and oceans. The more weath
ering that occurs, the more transportation of materiol
there 15, through Howing water. blowing wind, and mov-
g tce. Deposition depends on transportation to bring i
the matenials 1o deposit, As deposits accumulute, they are
buried by later arrivals of sediment. And, as sediments
are buried. they begin 1o underga disgenesis. The Earth
system affecting the production and distrihution of sedhi-
ment links all of the system variables, such as tectonics
und elimate, 10 the specific aiechanisis that produce sed-
iments and sedimentary racks. I ihis chapter and suc-
ceeding ones, we will see how individual processes, such

You may recall from our coverage of the hydrofogic ¢y-
cle wn Chapter 12 that the sea is the source of much of
the water that fails as snow on the continents. Thus. dur.
ing the Plestocene epoch, the more water tied up as ice
in continental gla . the less water there was in the
ocean. As continental glaciers grew, sea level dropped
evervwhiere on the elobe. Accumuliation of a large wmount
of fee —suy, 400,000 km'——comesponds to only a small
drop in sea levet—about | m—depending on the density
of the e and the contiguration of the shatlow oeean and
low-lying land areas, But. during the maximuim extent of
the most recent glaciation 18.000 vears ago, seu level

T R L e S

as steam flow, play their mles in the system.

Meanwhile, in the Arctic. a group of scientists in
1992 completed two years of drilling of the Greenland
ice cap at the top of 3 km of ice. The Greenland lee
Core Project. betier known as GRIP. is an outstanding
example of international scient cooperation in
Europe. GRIP is sponsored by the European Science

Foundation. which includes the governments ol Belgium,

Denmark. France, Geemany, leeland, Ialy, Switzerland,
and the United Kingdom. The GRIP core penetsated ice
layers of the last glacial period (11,000 10 115,000 years
before the present) and the last interglacial period (the
Eemian, 115,000 10 135,000 years before the present)
and stopped in layers going back 235,000 years, near the
end of the preceding interglacial period, as shown in the
adjoining diagram.

The GRIP core was complemented by a parallel
core drilled 30 km to the west of the GRIP site by the
United States Greenland lee-Sheet Project. known as
GISP2, The GRIP and GISP2 ice cores agreed very
closely back 110,000 years, confinned the glacial
chronology at Vostok, and gave a good picture of ¢
vhanges in climate and atmospheric composition of
past 250,000 years. Analysis of the cores also corre
varlier suggestions that the climates of the Eemian
interglucial period were unstable and changed
appreciubly on a short time scale. The GRIP and G
findings confirmed the remarkably rapid climate
oscillations during the last glacial period. Both the
and the Vostok cores yielded precise oxygen-18 pro
that correlate closely with those of deep-sea sedimc
giving further detail and further supporting the
chronology of glacial-interglacial climate change.
becomic clear that temperature changes between gle
and interglacial periods were much lacger than scie
had thought.

These triumphs have not been won without
difficulties, Extreme care had to be taken not 10 nx
contaminate the ice cores during coring operations,
transportation to the laboratories, and storage until
o -

oo

dropped
ume of

out 130 m. correspanding to an enonnous vol
e abaut 70 million eubic kilometers. or ainost

three times the amount of (e o Earth today

e Newly Organized Boxed Features
Now organized into two types, Earth Policy
and Interpreting Earth and Its Systems,
these boxes draw on the experiences of one
author as a presidential adviser and head of
the National Academy of Sciences. These
commentaries, many of them completely
new, help students to see the importance of
scientific research in the formation of vital
public policy and in understanding the

Earth system.

The Politics of Global Warming

Waorld political leaders have at long last been convinced
by scientists that using the atmosphere as a dump for
carbon dioxide (CO3) and other greenhouse gases could
Iead to global warming in the next 100 years with
serious consequences. The readiness of governments o

23.3 Earth Policy

The world’s leading climate scientists, convened by
the United Nations, warned that the first human-caused
global warming has already been detected. Others
pointed out that, because of the long lifetimes of CO; in
the atmosphere, early action (o reduce emissions is
needed o reduce the long-term risk. Hundreds of
ica’s leading economists declared in a statement

take joint action cul d in a historic that
ook place on December 10, 1997, in Kyoto, Japan,
where 160 nations reached 1o limit emissi

s we believe that global climae change
carries with it significant enyironment. economic, social,

of greenhouse gases. Bach country negotiated from a
position that corresponded 10 its own scli-interest out of
concern that curtailing the use of fossil fuels, the major
source of greenhouse-gas envissions, would slow its
economic growth, Nevertheless, all agread 1o the Kyoto
Protacol, a legally binding treaty. It requires 39
industrial countries currently responsible for
three/fourths of the world release of CO; from fossil
fuels 1o limit their annual emissions between 2008 and
2012 to a percentage of their 1990 levels. For the
European Union. the reduction is 8 percent helow 1990

e

e T v

and P risks and that preventive steps are
Jjustified. Economic studies have found that there are
nuiny potential policies to reduce greenhouse pas
emissions in which tutal benefits outweigh total costs.”
What they had in mind was a “no regrets” policy—one
in which actions taken now make good sense
economically and soctally even if globul warming does
not oceur. They view this policy as low-cost

“insurance” —soniething done cheaply now to avoid high
costs later. Examiples of actions 1o be taken include
raIsing en taxes to induce conservation, using energy
more efficiently. further developing and uilizing

anomon. 4



Understanding the Earth System

New Topics and Updates Throughout Included
are new information on Mars (Chapter 1), the role
of biology in weathering (Chapter 6), cold water
carbonates (Chapter 6), computer models of
alluvial sedimentation (Chapter 7), new dates on
the geologic time scale (Chapter 9), real-time
earthquake hazard warning (Chapter 18), new
information on the duration of magnetic reversals
(Chapter 19), the discovery of shear waves in the
solid inner core (Chapter 19), new material on
GPS measurements of plate motions (Chapter 20),
new discoveries about the core—mantle boundary
(Chapter 9), and much more.

The Core-Mantle Boundary Layer Thew i

heightened imerest i the core-mantle  boundary
(CMB), a layer some 200 km thick at the bottom of the
mantle, Recent detmled studies of seismie waves that
have traversed this fayer have ¢

ations i its thickness and con

Pawave veloeity of 10 percent or arore i thie botton

20 km of the CMB-—an indication of partial melting. As
is often the case i the early stages of rapid scientific de

New Chapter Outlines Outlines at the beginning
of each chapter make it easier for students to
navigate the material.

The Rock
Record and
the Geologic
Time Scale

i the past millions of years, Farth wa

Timing the Earth

o than it curiently w Loty

Timing the Earth System scoans, and monntins m
Eve

Reconstructing Geologic s not m
History Through Relative """
Dating

Radiometric Time:
Adding Dates to the
Time Scale

From Three Lines of
Evidence: A Reliable fogic

important re;

< i their praper sequence is

Dating Tool the evolution of the planet that we ~ee twday. When
the Rocky Mountiing formed? FHow often hive there
ontinentsized ghaciers in the past? What

en early homans were

ing in East Africa
FIRY ¢ hids of guestions. we need @ wol
ng and dating the roek record

e which

Newly Highlighted Chapter Goals Specify the
underlying themes of each chapter.

A Reduced Number of Key Terms Consistent
with our view that understanding concepts is more
important than memorizing terms.

All New Chapter Opening and Part Opening
Photos Plus more than 70 new photos throughout
the text.
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Many Revised Figures With more than 65
figures improved or entirely new (such as Figures
1.9, 2.7, 2.18, 5.29, 16.14, 18.11).

Old oceanic crust, island arcs, and related sediments

Old oceanic crust, island arcs, and related sediments
added to North America about 100 MY ago

added to North America about 150 MY ago:
subsequently squeezed and deformed: evidence

remains on surface and in subsurface
Ocean Accreted (older and squeezed) Belt of valcanoes
sediments ocean sediments (Mo Ganba'dw etc) Rocky Mountains
Pacific Offshore Foreland
Ocean slope/shelf Insular beft Coast belt Intermontane belt Omineca belt l
T Vancouver Tstrait]

Island of
Georgia

Nelson Purcell Racky
batholith  Mountains Mountain
Trench
East
Kootenay Arc  ————A———
: _ %y / - 77 —

O

Depth (km)

100

120

140

450 500 )
Distance (km)

Underthrusting
Juan de Fuca Plate

Partial melting of
Juan de Fuca Plate

Trapped remnants of older;
underthrusted, aceanic plate

Foundation of western North
America, more than 1800 MY old

Crust
(rigid upper part of plate)

o New Media Icons Direct students
to related animations and exercises
on the Web site and CD-ROM.

ure 4.8 Magma forms under conditions that are strongly connected o movements of
lithospheric plates. These movements control where rocks of the crust and upper mantle melt and
whether they will be intruded or extruded.

This icon indicates a related
virtual reality field trip.

Active lava flow at Kilauca, Volcanoes
Nautional Park, Hawaii. (G firad Lewis/
Tany Stone |

Igneous rocks on a continental volcanic
are, North Cascude Mountains.
Washington, [/ohn ¥ A, F Newl Photo
Researchers.|

This icon indicates a related
animation or video.

Media Questions

To answer these questions, take the virtual reality field ip for Chapter 4.

1. In the virtaal reality field uip. you are able to

2. Much of Earth’s crustal arca, and nearly all of 1ts
explore Maunt St Helens, Although the most recent

mantle, wre composed of basaltic or ultramafic rocks,

New Media Questions At the end of
each chapter, these questions ask
students to apply and evaluate what they
have learned from the highly interactive
virtual reality field trips on the CD-ROM.

cruption of this volcano was extremely violent, much
of Mount §t. Helens' history invalved relatively quict
eruption of andesitic kava and ash. What factors control
the variability of eruption style in composite volcanoes
on convergent houndaries? Why are eruptions in
divergent boundaries or on islands such as Hawaii
abways relatively quiet and nonexplosive?

Suggested Readings -+

Barker. D S. 1983, Juncous Rocks. Englewood Chns, Nj:

Prentice Hall
Blatt. U, and R. J Tracy
v and Metamorphic

24 ed. New Yock: W H

S ET, <O empsmen,

1996, Petrology lenvous, Sedi-

B O T O i i

Why are granitic and andesitic rocks s plentiful s
they are on Earth? Where do the materials that
constitute these rocks come from?

Coftin, M. T,

and O Eldholm. 1993 Lar,
provinces. Seiennfic Amercan (Jone). pp 474
Philports. A, R. 1990, fgncous and Metamorplie Petreliogy.
Englewond Cliffs. NJ: Prentice Hall

Ravmond, L. A, 1995, Peprology. Dubugue, TA. W, €
Brown

incons
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Media/Supplements Package

A vast selection of print, visual, and electronic supple-
ments is available to students and instructors using Un-
derstanding Earth. Many are completely new to this edi-
tion and take advantage of the best and latest technology.
Twenty-three Virtual Fieldwork exercises on the ac-
companying CD-ROM focus on critical problems facing
today’s geologists. Also included in the student and in-
structor media are 17 useful animations and 14 short
videos that show geological processes. The text and me-
dia are thoroughly integrated: The virtual reality field
trips are extensively cross-referenced to relevant sections
in the text, and media icons in the text indicate places
where the CD-ROM and Web site offer interactive en-
hancements to the topic at hand. The new Media Ques-
tions at the end of each chapter in the text invite the stu-
dent to first explore the related media before answering
the questions.

For Instructors

Instructor’s CD-ROM  The Instructor’s CD contains
approximately 1000 images. 17 animations, and 14 short
videos (the animations and video are also included on the
student CD) from the new edition’s text and slide set,
from the CD of the Second Edition, and from other
sources. These images are available in JPEG format or
preloaded into our Presentation Manager Pro lecture
software—which lets you assemble a playlist of still and
animated graphics by following a few simple instructions.

Test Bank CD-ROM (Windows and Mac on One
Disk) Prepared by Simon M. Peacock of Arizona State
University and Sondra Peacock. Approximately 1200
multiple-choice questions, or 50 questions per chapter
(including questions that incorporate geological draw-
ings), in a format that lets instructors add, edit, and
resequence questions. The CD is also the access point
for ...

e Online Testing With Diploma, the computerized
test bank package from Brownstone Research
Group, instructors can create and administer
exams on paper, over a network, and now, over
the Internet as well. Instructors can include
graphics, movies, sound, and interactive activities
in their questions Security features allow
instructors to restrict tests to specific computers or
time blocks. The package also includes an
impressive site of grade-book and question-
analysis features.

¢  Online Companion at
www.whfreeman.com/presssiever Instructors
have access to all student Web site features, plus
all text art and slide set images in downloadable
format.

o  Online Quizzing With this feature, instructors can
conduct quizzes over the Web using prewritten,
multiple-choice questions (either new or from the
quizzes on the CD and Web site—not from the
instructor’s test bank). Students get instant
feedback and can take the quizzes multiple times;
instructors can view results by quiz, by student, or
by question, or can get weekly results via e-mail in
a spreadsheet-compatible format.

Instructor’s Resource Manual This manual, by
Peter Kresan and Reed Mencke of the University of
Arizona, includes discussions of each chapter and many
ideas for incorporating the CD and the Internet into
coursework, as well as figures designed to be copied and
used as handouts and quizzes.

Printed Test Bank Prepared by Simon Peacock of
Arizona State University and Sondra Peacock.

Slide Set with Lecture Notes Prepared by Peter
Kresan of Arizona State University. Contains approxi-
mately 100 nontext images, all fully annotated in the lec-
ture note booklet.

Overhead Transparency Set Includes full-color
overheads of all diagrams from the book.

For Students

Understanding Earth 3.0 CD-ROM The CD for
the Third Edition focuses on a series of 23 highly inter-
active self-guided Virtual Fieldwork exercises, created
by Jeremy Dunning and Larry Onesti of Indiana Univer-
sity at Bloomington. Each multistaged exercise takes stu-
dents step by step toward an understanding of, and pos-
sible solutions for, a specific, conceptual problem in
geology, offering leading questions, exercises, specific
electronic tools, and extensive cross-referencing to the
text. Descriptions of each of these virtual reality field trips
are listed in the Media Table of Contents. Also on the CD
are 17 original animations of outstanding quality and clar-
ity and 14 video clips (topics for these animations and
videos are listed in the Media Table of Contents), a
searchable text glossary, a photo gallery of 300 images
supplemental to the text, and other useful resources.



Online Companion at
www.whfreeman.com/presssiever

For students, the Online Companion features all the CD

features plus:

Quizzes for each chapter with feedback for incor-
rect answers to prepare for exams.

34 Interactive Geology Exercises that encourage
students to gain a deep visual sense of geological
processes.

o  Pertinent essays and articles on current geological
issues that explore various topics in greater depth.
An ever-current and growing list of Internet
sources and links that encourage students to access
other important geological Web sites.

Contents  xxi

Study Guide Peter L. Kresan, Reed Mencke. and
Robert L. Bingham of the University of Arizona have de-
signed the Study Guide to enhance use of the text with
the Web site/CD-ROM. The Study Guide includes chap-
ter summaries and outlines as well as exercises that in-
corporate the Web site/CD materials as resources.

Physical Geology of Canada This supplement, by
Bob and AnnMarie Ryan of Dalhousie University. is of-
fered packaged with the text to Canadian adopters. This
adds to the text, chapter by chapter, relevant and inter-
esting Canadian topical and regional information.

Lecture Notebook A student workbook consisting of
key illustrations from the text. with space for taking
notes.

”~

It is a challenge both to geology instructors
the many important aspects of geology into

nowledgments

and 1o authors of geology texts to encompass
a single course and to inspire interest and

enthusiasm in the student. To meet this challenge, we have called on the advice of many
colleagues teaching in all kinds of college and university settings. From the carliest
planning stages of each edition of this book we have relied on a consensus of views in
deciding on an organization for the text and in choosing which topics to include. As we
wrote and rewrote the chapters, we again relied on our colleagues to guide us in making
the presentation pedagogically sound, accurate, and accessible and stimulating to students.

To each one we are grateful.

The following instructors were involved in the planning or reviewing stages of this new

edition:

Wayne M. Ahr
Texas A & M
Allen Archer
Kansas State University
John M. Bartley
University of Utah
Richard J. Behl
California State University,
Long Beach
Kathe Bertine
San Diego State University
Stephen K. Boss
University of Arkansas
David Bucke
University of Vermont
James R. Carr
University of Nevada
L. Lynn Chyi
University of Akron
Spencer Cotkin
University of Illinois

Carl N. Drummond

Indiana University/Purdue

University, Fort Wayne
Charlie Fiuts

University of Southern Maine
Nels F. Forsman

University of North Dakota
Dennis Geist

University of Idaho
Jeffrey K. Greenberg

Wheaton College
Richard Heimlich

Kent State University
Tom Henyey

University of Southern California
Warren D. Huff

University of Cincinnati
Mohammad Z. Iqbal

University of Northern lowa
Neil Johnson

Appalachian State University

Alan Jay Kaufman
University of Marvland
Phillip Kehler
University of Arkansas, Little Rock
Cornelius Klein
Harvard University
Peter L. Kresan
University of Arizona
Erwin Mantei
Southwest Missouri State University
G. David Mattison
Butte College
Florentin Maurrasse
Florida International University
Joe Meert
Indiana State University
Lawrence D. Meinert
Washington State University,
Pullman
Jonathan S. Miller
University of North Carolina
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Peter D. Muller

State University of New York,

Oneonta
Andrew Nyblade

Pennsylvania State University
Kieran O"Hara

University of Kentucky
William C. Parker

Florida State University
Simon M. Peacock

Arizona State University

Jane Selverstone

University of New Mexico
Steven M. Stanley

Johns Hopkins University
Dorothy L. Stout

Cypress College
James A. Tyburczy

Arizona State University
J. M. Wampler

Georgia Tech

Donna Whitney

University of Minnesota
Elisabeth Widom

Miami University, Oxford
Rick Williams

University of Tennessee
Lorraine W. Wolf

Auburn University

We remain indebted to the following instructors who helped shape earlier editions of

Understanding Earth:

Gary Allen

University of New Orleans
N. L. Archbold

Western lllinois University
Richard J. Arculus

University of Michigan, Ann Arbor
Philip M. Astwood

University of South Carolina
R. Scott Babcock

Western Washington University
Evelyn J. Baldwin

El Camino Community College
Lukas P. Baumgartner

University of Wisconsin, Madison
David M. Best

Northern Arizona University
Dennis K. Bird

Stanford University
Stuart Birnbaum

University of Texas, San Antonio
David L. S. Blackwell

University of Oregon
Arthur L. Bloom

Cornell University
Phillip D. Boger

State University of New York,

Geneseo
Robert L. Brenner

University of lowa
David S. Brumbaugh

Northern Arizona University
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