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Preface

Earth is a dynamic planet that has changed continuously
during its 4.6 billion years of existence. The size, shape,
and geographic distribution of the continents and ocean
basins have changed through time, as have the atmos-
phere and biota. We have become increasingly aware of
how fragile our planet is and, more important, how inter-
dependent all of its various systems are. We have learned
that we cannot continually pollute our environment and
that our natural resources are limited and, in most cases,
nonrenewable. Furthermore, we are coming to realize
how central geology is to our everyday lives. For these and
other reasons, geology is one of the most important col-
lege or university courses a student can take.

The Changing Earth: Exploring Geology and Evolu-
tion, Fourth Edition, is designed for an introductory
course in geology that can serve both majors and non-
majors in geology and the Earth sciences. One of the
problems with any introductory science course is that
students are overwhelmed by the amount of material
that they must learn. Furthermore, most of the material
does not seem to be linked by any unifying theme and
does not always appear to be relevant to their lives.

The goals of this book are to provide students with a
basic understanding of geology and its processes and,
more important, with an understanding of how geology
relates to the human experience—that is, how geology
affects not only individuals but society in general. It is
also our intention to provide students with an overview
of the geologic and biologic history of Earth, not as a set
of encyclopedic facts to memorize but rather as a con-
tinuum of interrelated events that reflect the underlying
geologic and biologic principles and processes that have
shaped our planet and life upon it. With these goals in
mind, we introduce the major themes of the book in the
first chapter to provide students with an overview of the
subject and enable them to see how Earth’s various sys-
tems are interrelated. We also discuss the economic and
environmental aspects of geology throughout the book
rather than treating these topics in separate chapters. In
this way, students can see, through relevant and inter-
esting examples, how geology affects our lives.

NEW FEATURES IN THE
FOURTH EDITION

he Fourth Edition has undergone considerable
rewriting and updating to produce a book that
is easier to read, with a great amount of cur-

xii

rent information, many new photographs, a completely
revamped art program, and various new features to help
students maximize their learning and understanding of
Earth and its systems. Drawing on the comments and
suggestions of reviewers, we have incorporated many
new features into this edition.

Perhaps the most noticeable change is that Chapter
19 in the Third Edition, “A History of the Universe,
Solar System, and Planets,” has now been incorporated
into Chapter 1 to give students a complete view of
Earth’s earliest development and relation to the rest of
the planets in our solar system. Because plate tectonic
theory is such an important theme in geology, it is now
covered in Chapter 2 so that students can appreciate its
significance to material covered in subsequent chapters.
In addition, a new Chapter 24 provides students with an
overview of the concepts presented throughout the book
and ties together the various themes covered.

The former Prologue and Introduction in each chap-
ter are now combined into a new Introduction. These
new sections begin each chapter with a story related to
the chapter material and also address why each chap-
ter’s material is relevant and important to the student’s
overall understanding of the topic.

Concept art spreads are found throughout the book.
These two-page art pieces are designed to enhance students’
interest in the chapter material by visual learning. Some of
the topics are “The Burren Area of Ireland,” “Rock Art for
the Ages,” and “The Many Uses of Marble,” to name a few.

Another new feature, Geology in Unexpected
Places, discusses interesting geology or geologic phe-
nomena in unusual places. We think this feature will be
particularly appealing to students because it relates ge-
ology to the human experience. “Time Marches On—
The Great Wall of China,” “Diamonds and Earth’s
Interior,” “Ancient Ruins and Geology,” and “Floating
Burial Chambers” are just a few of the topics covered.

We also have a powerful new interactive media pro-
gram called GeologyNow, which has been seamlessly in-
tegrated with the text, enhancing students’ understanding
of important geologic processes. It brings geology alive
with animated figures, media-enhanced activities, tuto-
rials, and personalized learning plans. And, like other
features in the Fourth Edition, it encourages students to
be curious, to think about geology in new ways, and to
connect their new-found knowledge of the world around
them to their own lives.

Many of the popular What Would You Do? boxes
have been rewritten, posing new topics and questions.
These boxes are designed to encourage students to think
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critically about what they're learning. They incorporate
material from each chapter and ask open-ended ques-
tions to elicit discussion and formulate reasoned re-
sponses to particular situations.

The Third Edition’s Perspectives have been replaced
by Geo-Focus sections on a variety of new topics and up-
dated previous ones.

Many photographs in the Third Edition have been re-
placed, including most of the chapter opening photographs.
In addition, many photographs within the chapters have
been enlarged to enhance their visual impact.

The art program has been completely revamped to
provide the most accurate and visually stimulating fig-
ures possible. In addition, new paleogeographic maps
have been commissioned that vividly illustrate in stun-
ning relief the geography during the various geologic pe-
riods. Students will find two global views of Earth for
each time period.

We think that the rewriting and updating done in
the text as well as the addition of new photographs and
newly rendered art greatly improve the Fourth Edition
by making it easier to read and comprehend as well as a
more effective teaching tool. Additionally, improvements
have been made in the ancillary package that accompa-
nies the book.

TEXT ORGANIZATION

late tectonic theory is the unifying theme of

geology and this book. This theory has revolu-

tionized geology because it provides a global
perspective of Earth and allows geologists to treat many
seemingly unrelated geologic phenomena as part of a
total planetary system. Because plate tectonic theory is
so important, it has been moved to Chapter 2 and is dis-
cussed in most subsequent chapters as it relates to the
subject matter of that chapter.

Another theme of this book is that Earth is a com-
plex, dynamic planet that has changed continuously
since its origins some 4.6 billion years ago. We can bet-
ter understand this complexity by using a systems ap-
proach to the study of Earth and emphasizing this
approach throughout the book.

We have organized The Changing Earth: Exploring
Geology and Evolution, Fourth Edition, into several in-
formal categories. Chapter 1 is an introduction to geol-
ogy and Earth systems, geology’s relevance to the
human experience, the origin of the solar system and
Earth’s place in it, a brief overview of plate tectonic the-
ory, the rock cycle, organic evolution, and geologic time
and uniformitarianism. Chapter 2 deals with plate tec-
tonics in detail, whereas Chapters 3—7 examine Earth’s
materials (minerals and igneous, sedimentary, and
metamorphic rocks) and the geologic processes associ-
ated with them, including the role of plate tectonics in

their origin and distribution. Chapters 8—10 deal with
the related topics of Earth’s interior, the seafloor, earth-
quakes, and deformation and mountain building. Chap-
ters 11-16 cover Earth’s surface processes. Chapter 17
discusses geologic time, introduces several dating meth-
ods, and explains how geologists correlate rocks. Chap-
ter 18 explores fossils and evolution. Chapters 19-23
constitute our chronological treatment of the geologic
and biologic history of Earth. These chapters are
arranged so that the geologic history is followed by a
discussion of the biologic history during that time inter-
val. We think that this format facilitates easier integra-
tion of life history with geologic history. Chapter 24
summarizes and synthesizes the concepts, themes, and
major topics covered in this book.

Of particular assistance to students are the end-of-
chapter summary tables found in Chapters 20-22.
These tables are designed to give an overall perspective
of the geologic and biologic events that occurred during
a particular time interval and to show how the events are
interrelated. The emphasis in these tables is on the geo-
logic evolution of North America. Global tectonic events
and sea-level changes are also incorporated into these
tables to provide global insights. In the Fourth Edition,
we have reduced these tables so that each fits on one
page instead of spreading over two pages.

We have found that presenting the material in the
order discussed above works well for most students. We
know, however, that many instructors prefer an entirely
different order of topics, depending on the emphasis in
their course. We have therefore written this book so that
instructors can present the chapters in any order that
suits the needs of a particular course.

CHAPTER ORGANIZATION

Il chapters have the same organizational for-

mat. Each chapter begins with a photograph

that relates to the chapter material, an Out-

line that engages students by having many of the head-
ings in the form of questions, an Objectives list that
alerts students to the learning outcome objectives of the
chapter, followed by a new Introduction that is intended
to stimulate interest in the chapter by discussing some
aspect of the material and showing students how the
chapter material fits into the larger geologic perspective.
The text is written in a clear, informal style, mak-
ing it easy for students to comprehend. Numerous
newly rendered color diagrams and photographs
complement the text and provide a visual representa-
tion of the concepts and information presented. In ad-
dition, GeologyNow icons appear throughout the text,
indicating opportunities to explore interactive tutori-
als, animations, or practice problems available on the
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GeologyNow website at http://earthscience.brookscole. com/
changingearth4e.

Each chapter contains one Geo-Focus section that
presents a brief discussion of an interesting aspect of ge-
ology or geologic research. What Would You Do? boxes,
usually two per chapter, are designed to encourage stu-
dents to think as they attempt to solve a hypothetical
problem or issue that relates to the chapter material.

Topics relating to environmental and economic ge-
ology are discussed throughout the text. Integrating eco-
nomic and environmental geology with the chapter
material helps students relate the importance and rele-
vance of geology to their lives. Mineral and energy re-
sources are discussed in the final sections of a number
of chapters to provide interesting, relevant information
in the context of the chapter topics. In addition, each of
the chapters on geologic history in the second half of the
book contains a final section on mineral resources char-
acteristic of that time period.

Geology in Unexpected Places sections are found in
most chapters. This new feature is designed to focus on
interesting geology in unusual places or settings you
might not have thought about.

The end-of-chapter Geo-Recap begins with a con-
cise review of important concepts and ideas in the Chap-
ter Summary. The Important Terms, which are printed in
boldface type in the chapter text, are listed at the end of
each chapter for easy review along with the page numbers
on which they are first defined. A full Glossary of impor-
tant terms appears at the end of the text. The Review
Questions are another important feature of this book;
they include multiple-choice questions with answers as
well as short-answer, essay, and thought-provoking and
quantitative questions. Many new questions have been
added in each chapter of the Fourth Edition. Each chap-
ter concludes with World Wide Web Activities that pro-
vide students with the URL for this book. At the
Brooks/Cole website, students can assess their under-
standing of each chapter’s topics, take quizzes, and par-
ticipate in comprehensive interactivities as well as access
up-to-date weblinks and find additional readings.

ANCILLARY MATERIALS

FOR INSTRUCTORS

We are pleased to offer a full suite of text and multime-
dia products to accompany the Fourth Edition of The
Changing Earth.

GeologyNow GeologyNow is the first assessment-
centered student learning tool for a course that com-
bines physical and historical geology. It is tied to your

lectures and the text through Living Lecture Tools,
which bring geologic processes to life. GeologyNow is
web-based and free with every new copy of the text.

The Brooks/Cole Earth Sciences Resource Center
hitp://earthscience.brookscole.com

Book Companion Website http://earthscience.
brookscole.com/changingearth4e

The Brooks/Cole Earth Sciences Resource Center and
the Book Companion Website feature a rich array of
learning resources for your students. The text-specific
companion website includes quizzing and other web-
based activities that will help students explore the con-
cepts presented in the text.

Multimedia Manager with Living Lecture™ Tools
Create fluid multimedia lectures using your own lecture
notes and clips, traditional art from all of our earth sci-
ences texts, and three-dimensional, animated models of
Active Figures from the text itself.

Instructor’s Manual with Test Bank This valuable
instructor resource contains approximately 2000 test
questions updated for this edition, chapter
outlines/overviews, learning objectives, lecture sugges-
tions, important terms, and a list of key resources.
ISBN 0-495-01022-7

ExamView Create, customize, and deliver tests and
study guides in minutes with this easy-to-use assess-
ment and tutorial system.

ISBN 0-495-01024-3

Transparencies Full-color transparency acetate col-
lections are available for Physical Geology and Histori-
cal Geology.

Physical Geology acetate package: ISBN 0-534-39994-0
Historical Geology acetate package: ISBN 0-534-
39297-0

FOR STUDENTS

Study Guide A valuable tool to help you excel in this
course! Filled with sample test questions, learning ob-
jectives, useful analogies, key terms, drawings and fig-
ures, and vocabulary reviews to guide your study.

ISBN 0-495-01397-8

Current Perspectives in Geology Michael McKin-
ney, Kathleen McHugh, and Susan Meadows (Univer-
sity of Tennessee, Knoxville)

This book is designed to supplement any geology text-
book and is ideal for instructors who include a writing
component in their course. The articles are culled from a
number of popular science magazines (such as American
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Scientist, National Wildlife, Discover, Science, New Scien-
tist, and Nature). Available for sale to students or bundled
at a discount with any Brooks/Cole geology text.
ISBN 0-534-37213-9

Essential Study Skills for Science Students Daniel
Chiras (University of Colorado—Denver)

Designed to accompany any introductory science
text. It offers tips on improving your memory, learning
more quickly, getting the most out of lectures, preparing
for tests, producing first-rate term papers, and improv-
ing critical thinking skills.

ISBN 0-534-37595-2

Book Companion Website http://earthscience.
brookscole.com/changingearth4e

This website features a rich array of learning re-
sources, including quizzing and other web-based activi-
ties that will help you explore the concepts that are
presented in the text.

GeologyNow GeologyNow is available through the
book companion website at hitp://earthscience.brookscole.
com/changingearth4e. In additional to GeologyNow, stu-
dents who use the website have access to maps,
weblinks, Internet and InfoTrac® College Edition exer-
cises, learning objectives, discussion questions, chapter
outlines, and much more.
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OBJECTIVES

At the end of this chapter,
you will have learned that:

® Geology is the study of Earth.

® Earth is a complex, integrated sys-
tem of interconnected components
that interact and affect one another
in various ways.

Theories are based on the scientific
method and can be tested by obser-
vation or experiment.

Geology plays an important role in
the human experience and affects us
as both individuals and members of
society and nation-states.

The universe is thought to have orig-
inated about 15 billion years ago
with a Big Bang. The solar system
and planets evolved from a turbu-
lent, rotating cloud of material sur-
rounding the embryonic Sun.

Earth consists of three concentric
layers—core, mantle, and crust—
and this orderly division formed dur-
ing Earth’s early history.

Plate tectonics is the unifying theory of
geology and revolutionized the science.

The rock cycle illustrates the inter-
relationships between Earth’s inter-
nal and external processes and
shows how and why the three major
rock groups are related.

The theory of organic evolution pro-
vides the conceptual framework for
understanding the history of life.

An appreciation of geologic time
and the principle of uniformitarian-
ism is central to understanding the
evolution of Earth and its biota.

Geology is an integral part of our lives.

GeolﬂgY@NUW This icon, which appears throughout the book, in-
dicates an opportunity to explore interactive tutorials, animations, or
practice problems available on the GeologyNow website at
http://earthscience.brookscole.com/changingearth4e.

Satellite-based image of Earth. North America is visible in the center of
this view as well as Central America and South America. The present
locations of continents and ocean basins are the result of plate move-
ments. The interaction of plates through time has affected the physical
and biological history of Earth. Source: NASA
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major benefit of the space age has been
the ability to look back from space and view
our planet in its entirety. Every astronaut has
remarked in one way or another on how
Earth stands out as an inviting oasis in the otherwise black
void of space (see the chapter opening photo). We are able
to see not only the beauty of our planet but also its fragility.
We can also decipher Earth’s long and frequently turbulent
history by reading the clues preserved in the geologic record.

A major theme of this book is that Earth is a complex,
dynamic planet that has changed continuously since its ori-
gin some 4.6 billion years ago. These changes and the
present-day features we observe result from the interactions
among Earth’s internal and external systems, subsystems,
and cycles. Earth is unique among the planets of our solar
system in that it supports life and has oceans of water, a hos-
pitable atmosphere, and a variety of climates. It is ideally
suited for life as we know it because of a combination of fac-
tors, including its distance from the Sun and the evolution of
its interior, crust, oceans, and atmosphere. Life processes
have, over time, influenced the evolution of Earth’s atmos-
phere, oceans, and to some extent its crust. In turn, these
physical changes have affected the evolution of life.

By viewing Earth as a whole—that is, thinking of it as a sys-
tem—we not only see how its various components are inter-
connected but also better appreciate its complex and dynamic
nature. The system concept makes it easier for us to study a
complex subject such as Earth because it divides the whole
into smaller components we can easily understand, without
losing sight of how the components all fit together as a whole.

A system is a combination of related parts that interact
in an organized fashion (M Figure 1.1). Information, materials,

Connecting
or\

relationship
process

Major
process or
cycle

Energy source
or driving mechanism

M Figure 1.1

A series of gears illustrates how some of Earth’s systems and processes interact. Pistons and driving
rods represent energy sources or driving mechanisms, large gears represent important processes or
cycles, and small gears represent connecting processes or relationships. Pulleys show relationships to
other systems. Although gears are a useful way to represent systems diagrammatically, remember that

real Earth systems are far more complex.

and energy that enter the system from the outside are inputs,
whereas information, materials, and energy that leave the sys-
tem are outputs. An automobile is a good example of a system.
Its various subsystems include the engine, transmission, steer-
ing, and brakes. These subsystems are interconnected in such a
way that a change in any one of them affects the others. The
main input into the automobile system is gasoline, and its out-
puts are movement, heat, and pollutants.

We can examine Earth in the same way we view an au-
tomobile—that is, as a system of interconnected compo-
nents that interact and affect each other in many ways. The
principal subsystems of Earth are the atmosphere, bio-
sphere, hydrosphere, lithosphere, mantle, and core (M Figure
1.2). The complex interactions among these subsystems result
in a dynamically changing body that exchanges matter and en-
ergy and recycles them into different forms (Table 1.1). The rock
cycle is an excellent example of how the interaction between
Earth’s internal and external processes recycles Earth materials
to form the three major rock groups (see Figure 1.12). Likewise,
the movement of plates profoundly affects the formation of
landscapes, the distribution of mineral resources, and atmos-
pheric and oceanic circulation patterns, which in turn affect
global climate changes.

We must also not forget that humans are part of the
Earth system; our presence alone affects this system to some
extent. Accordingly, we must understand that actions we
take can produce changes with wide-ranging consequences
that we might not initially be aware of. For this reason, an
understanding of geology, and science in general, is of para-
mount importance. If the human species is to survive, we
must understand how the various Earth systems work and in-
teract and, more important, how our actions affect the deli-
cate balance between these systems.

When people discuss
and debate such environmen-
tal issues as acid rain, the
greenhouse effect and global
warming, and the depleted
ozone layer, it is important to
remember that these effects
are not isolated but part of
the larger Earth system. Fur-
thermore, remember that
Earth goes through time cy-
cles that are much longer than
humans are used to. Although
they may have disastrous
short-term effects on the
human species, global warm-
ing and cooling are also part
of a longer-term cycle that has
resulted in many glacial ad-
vances and retreats during the

Connections
to other
systems

Processes
and cycles
in other
systems
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The atmosphere, biosphere, hydrosphere, lithosphere, mantle, and core can all be thought of as subsystems of Earth. The interactions
among these subsystems make Earth a dynamic planet that has evolved and changed since its origin 4.6 billion years ago.

Table 1.1

Interactions Among Earth’s Principal Subsystems

Atmosphere

Hydrosphere

Biosphere

Lithosphere

Atmosphere Hydrosphere Biosphere Lithosphere
Interaction Surface currents Gases for Weathering by
among various driven by wind; respiration; wind erosion;
air masses evaporation dispersal of transport of

spores, pollen,
and seed by wind

water vapor for
precipitation of
rain and snow

Input of water Hydrologic cycle Water for life Precipitation;

vapor and stored weathering and

solar heat erosion

Gases from Removal of Global Modification of

respiration dissolved ecosystems; weathering and
materials by food cycles erosion pro-
organisms cesses; formation

Input of stored
solar heat;
landscapes affect
air movements

Source of solid
and dissolved
materials

Source of mineral
nutrients;
modification of
ecosystems by
plate movements

of soil

Plate tectonics
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past 1.6 million years. Because of their geologic perspective,
geologists can make vital contributions to the debate on
global warming. They can study long-term trends by analyz-
ing deep-sea sediments, ice cores, changes in sea level dur-
ing the geologic past, and the distribution of plants and
animals through time.

WHAT IS GEOLOGY?

hat is geology and what do geologists do?

Geology, from the Greek geo and logos, is

defined as the study of Earth. It is generally
divided into two broad areas—physical geology and histori-
cal geology. Physical geology is the study of Earth materials,
such as minerals and rocks, as well as the processes operat-
ing within Earth and on its surface. Historical geology exam-
ines the origin and evolution of Earth, its continents,
oceans, atmosphere, and life (see Geo-Focus 1.1).

The discipline of geology is so broad that it is subdi-
vided into many fields or specialties. Table 1.2 shows many
of the diverse fields of geology and their relationship to the
sciences of astronomy, biology, chemistry, and physics.

Nearly every aspect of geology has some economic
or environmental relevance. Many geologists are involved
in exploration for mineral and energy resources, using
their specialized knowledge to locate the natural re-
sources on which our industrialized society is based. As
the demand for these nonrenewable resources increases,

Table 1.2

As you read this book, keep in mind that the different
topics you study are parts of a system of interconnected
components and not isolated pieces of information. Exam-
ined in this manner, the continuous evolution of Earth and its
life is not a series of isolated and unrelated events, but a dy-
namic interaction among it various subsystems.

geologists apply the basic principles of geology in increas-
ingly sophisticated ways to focus their attention on areas
that have a high potential for economic success.

Whereas some geologists work on locating mineral
and energy resources, an extremely important role, other
geologists use their expertise to help solve environmen-
tal problems. Some geologists find groundwater for the
ever-burgeoning needs of communities and industries or
monitor surface and underground water pollution and
suggest ways to clean it up. Geologic engineers help find
safe locations for dams, waste-disposal sites, and power
plants, and design earthquake-resistant buildings.

Geologists also make short- and long-range predic-
tions about earthquakes and volcanic eruptions and the
potential destruction that may result. In addition, they
work with civil defense planners to draw up contingency
plans should such natural disasters occur.

As this brief survey illustrates, geologists pursue a
wide variety of careers and roles. As the world’s popula-
tion increases and makes greater demands on Earth’s
limited resources, we will depend even more on geolo-
gists and their expertise.

Specialties of Geology and Their Broad Relationship to the Other Sciences

Specialty

Geochronology
Planetary geology
Paleontology
Economic geology
Environmental geology
Geochemistry
Hydrogeology
Mineralogy

Petrology

Geophysics

Structural geology
Seismology
Geomorphology
Oceanography
Paleogeography
Stratigraphy/sedimentology

Area of Study

Time and history of Earth
Geology of the planets
Fossils

Mineral and energy resources
Environment

Chemistry of Earth

Water resources

Minerals

Rocks

Earth’s interior

Rock deformation
Earthquakes

Landforms

Oceans

Ancient geographic features and locations

Layered rocks and sediments

Related Science

Astronomy

Biology

Chemistry

Physics
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Interpreting Earth History

istorical geology is the

study of the origin and

evolution of Earth. Ge-

ologists are interested
not only in placing events in a
chronological sequence but also,
and more important, in explaining
how and why past events took
place. Recently, historical geology
has taken on even greater impor-
tance because scientists in many
disciplines are looking to the past
to help explain current events (such
as short- and long-term climatic
changes) and using this information
to try and predict future trends.

We look at Earth as a system

consisting of a collection of various
subsystems or related parts inter-
acting with each other in complex
ways. By using this systems
approach, we can see that the evo-
lution of Earth, far from being a se-
ries of isolated events, is a
continuum in which the different
components both affect and are
affected by one another. An exam-
ple is the early history of Earth in
which the evolution of the atmo-
sphere, hydrosphere, lithosphere,
and biosphere are intimately

related. Today, scientists are exam-
ining the effect humans have on
short-term climate changes and the
environment, as well as what a de-
crease in global biodiversity means
for both humans and the planet.
Geologists seek to know not only
what happened in the past but also
why something happened and what
the implications are for Earth today
and in the future. Thus it is important
to understand present-day processes
and to have an accurate means of
measuring geologic time so as to
appreciate the duration of past
events and how these events might
affect Earth and its inhabitants today.
An important component of his-
torical geology is understanding
how we know what we know. How
do we know that dinosaurs became
extinct 65 million years ago, or that
glacial conditions prevailed over
what is now the Sahara Desert dur-
ing the Carboniferous Period? How
can we be so sure that the early at-
mosphere was devoid of oxygen
and evolved over millions of years
to one that today has oxygen? His-
torical geology addresses these
questions by seeking answers in

rocks and fossils. As more informa-
tion becomes available from new
observations or scientific
techniques, geologists become
more confident in their interpreta-
tions of past events.

One of the many exciting aspects
of geology, and of science in gen-
eral, is that there are still so many
unanswered questions. For exam-
ple, there is still heated debate on
what caused the Permian mass ex-
tinction. Another exciting area of
research is the determination of
past environments. New studies in-
dicate that changes in the chemistry
of the oceans may have significantly
affected the carbon cycle and have
important implications in present-
day reef ecology and evolution.

What is important to remember
is that rocks and fossils provide the
clues to Earth’s evolution. By apply-
ing the various principles of geol-
ogy, we can interpret Earth’s history.
It is also equally important to
remember that geology is not a sta-
tic science but one that, like the dy-
namic Earth it seeks to understand,
is constantly evolving as new infor-
mation becomes available.

GEOLOGY AND
THE FORMULATION
OF THEORIES

he term theory has various meanings. In col-
loquial usage, it means a speculative or con-
jectural view of something—hence, the
widespread belief that scientific theories are little more
than unsubstantiated wild guesses. In scientific usage,
however, a theory is a coherent explanation for one or

several related natural phenomena supported by a large
body of objective evidence. From a theory, scientists de-
rive predictive statements that can be tested by observa-
tions and/or experiments so that their validity can be
assessed. The law of universal gravitation is an example
of a theory that describes the attraction between masses
(an apple and Earth in the popularized account of New-
ton and his discovery).

Theories are formulated through the process known
as the scientific method. This method is an orderly, log-
ical approach that involves gathering and analyzing facts
or data about the problem under consideration. Tenta-
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tive explanations, or hypotheses, are then formulated to
explain the observed phenomena. Next, scientists test
the hypotheses to see whether what they predicted actu-
ally occurs in a given situation. Finally, if one of the hy-
potheses is found, after repeated tests, to explain the
phenomena, then the hypothesis is proposed as a theory.
Remember, however, that in science even a theory is still
subject to further testing and refinement as new data be-
come available.

The fact that a scientific theory can be tested and
is subject to such testing separates it from other forms
of human inquiry. Because scientific theories can be
tested, they have the potential to be supported or even
proved wrong. Accordingly, science must proceed with-
out any appeal to beliefs or supernatural explanations,
not because such beliefs or explanations are necessar-
ily untrue but because we have no way to investigate
them. For this reason, science makes no claim about
the existence or nonexistence of a supernatural or spir-
itual realm.

Each scientific discipline has certain theories that
are of particular importance. In geology, the formulation
of plate tectonic theory has changed the way geologists
view Earth. Geologists now view Earth from a global per-
spective in which all its subsystems and cycles are inter-
connected, and Earth history is seen to be a continuum
of interrelated events that are part of a global pattern of
change.

HOW DOES GEOLOGY
RELATE TO THE HUMAN
EXPERIENCE?

any people are surprised at the extent to

which we depend on geology in our every-

day lives and also at the numerous refer-
ences to geology in art, music, and literature. Many
sketches and paintings represent rocks and landscapes
realistically. Examples by famous artists include
Leonardo da Vinci’s Virgin of the Rocks and Virgin and
Child with Saint Anne, Giovanni Bellini’s Saint Francis
in Ecstasy and Saint Jerome, and Asher Brown Durand’s
Kindred Spirits (M Figure 1.3).

In the field of music, Ferde Grofé’s Grand Canyon
Suite was, no doubt, inspired by the grandeur and time-
lessness of Arizona’s Grand Canyon and its vast rock
exposures. The rocks on the Island of Staffa in the
Inner Hebrides provided the inspiration for Felix
Mendelssohn’s famous Hebrides Overture.

References to geology abound in The German Leg-
ends of the Brothers Grimm, and Jules Verne’s Journey to
the Center of the Earth describes an expedition into

Image not available due to copyright restrictions

Earth’s interior. On one level, the poem “Ozymandias”
by Percy B. Shelley deals with the fact that nothing lasts
forever and even solid rock eventually disintegrates
under the ravages of time and weathering. Even comics
contain references to geology. Two of the best known are
B.C. by Johnny Hart and The Far Side by Gary Larson
(M Figure 1.4).

Geology has also played an important role in history.
Wars have been fought for the control of such natural
resources as oil, gas, gold, silver, diamonds, and other
valuable minerals. Empires throughout history have
risen and fallen on the distribution and exploitation of
natural resources. The configuration of Earth’s surface,
or its topography, which is shaped by geologic agents,
plays a critical role in military tactics. Natural barriers
such as mountain ranges and rivers have frequently
served as political boundaries.
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HOW DOES GEOLOGY
AFFECT OUR EVERYDAY
LIVES?

ost readers of this book will not become

professional geologists. Everyone, how-

ever, should have a basic understanding
of the geologic processes that ultimately affect all of us.
We can trace many connections between geology and
various aspects of our lives. Natural events or disasters,
by their sheer magnitude, provide perhaps the most ob-
vious connection. Less apparent, but equally significant,
are the connections between geology and economic, so-
cial, and political issues.

Natural Events

Events such as destructive volcanic eruptions, devastat-
ing earthquakes, disastrous landslides, gigantic sea

waves, floods, and droughts make headlines and
affect many people in obvious ways. Although we
cannot prevent most of these natural disasters, the
more knowledge we have about what causes them,
the better we will be able to predict, and possibly
control, the severity of their impact.

Economics and Politics

Equally important, but not always as well understood
or appreciated, is the connection between geology
and economic and political power. Mineral and en-
ergy resources are not equally distributed and no
country is self-sufficient in all of them. Throughout
history, people have fought wars to secure these re-
sources. We need look no further than 1990-1991 to
see that the United States was involved in the Gulf
War largely because it needed to protect its oil inter-
ests in that region. Mineral and energy availability and
needs in many cases shape foreign policy. The sanc-
tions imposed by the United States on South Africa
in 1986, for example, did not include most of the im-
portant minerals we had been importing and needed
for our industrialized society, such as platinum-group
minerals. Many foreign policies and treaties develop
from the need to acquire and maintain adequate sup-
plies of mineral and energy resources.

Our Role as Decision Makers

You may become involved in geologic decisions in

various ways—for instance, as a member of a plan-

ning board or as a property owner with mineral

rights. In such cases, you must have a basic knowl-

edge of geology to make informed decisions. Fur-
thermore, many professionals must deal with geologic
issues as part of their jobs. For example, lawyers are be-
coming more involved in issues ranging from ownership
of natural resources to how development activities af-
fect the environment. As government plays a greater
role in environmental issues and regulations, members
of Congress have increased the number of staff devoted
to studying the environment and geology.

Consumers and Citizens

Most people are unaware of the extent to which geology
affects their lives. If issues like nonrenewable energy re-
sources, waste disposal, and pollution seem simply too
far removed or too complex to be fully appreciated, con-
sider for a moment just how dependent we are on geol-
ogy in our daily routines.

Much of the electricity for our appliances comes
from the burning of coal, oil, or natural gas or from ura-
nium consumed in nuclear-generating plants. It is geol-
ogists who locate the coal, petroleum, and uranium. The
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What Would You Do

The concept of sustainable development links satisfying
basic human needs with safeguarding our environment
to ensure continued economic development. The stan-
dard of living we enjoy depends directly on our
consumption of geologic materials. You are the presi-
dent of a large multinational mining company. Discuss
how you might balance the need to extract valuable ore
deposits and turn a profit for your company with the
need to safeguard the environment, particularly if these
deposits are located in an undeveloped country with no
environmental laws.

copper or other metal wires through which electricity
travels are manufactured from materials found as the re-
sult of mineral exploration. The buildings we live and
work in owe their very existence to geologic resources.
Consider the concrete foundation (concrete is a mixture
of clay, sand or gravel, and limestone), the drywall (made
largely from the mineral gypsum), the windows (the min-
eral quartz is the principal ingredient in the manufac-
ture of glass), and the metal or plastic plumbing fixtures
inside buildings (the metals are from ore deposits, and
the plastics are most likely manufactured from petro-
leum distillates of crude oil).

When we go to work, the car or public transporta-
tion we use is powered and lubricated by some type of
petroleum by-product and is constructed of metal alloys
and plastics. And the roads or rails we ride over come
from geologic materials, such as gravel, asphalt, con-
crete, or steel. All these items are the result of process-
ing geologic resources.

As individuals and societies, we enjoy a standard of liv-
ing that is obviously directly dependent on the consump-
tion of geologic materials. Therefore, we need to be aware
of geology and of how our use and misuse of geologic re-
sources may affect the delicate balance of nature and irrev-
ocably alter our culture as well as our environment.

Sustainable Development

The concept of sustainable development has received in-
creasing attention, particularly since the United Na-
tions Conference on Environment and Development
met in Rio de Janeiro, Brazil, during the summer of
1992. This important concept puts satisfying basic
human needs side by side with safeguarding our envi-
ronment to ensure continued economic development.
By redefining “wealth” to include such natural capital
as clean air and water, as well as productive land, we
can take appropriate measures to ensure that future
generations have sufficient natural resources to main-
tain and improve their standard of living.

If we are to have a world in which poverty is not
widespread, then we must develop policies that encour-
age management of our natural resources along with
continuing economic development. A growing global
population will mean increased demand for food, water,
and natural resources, particularly nonrenewable min-
eral and energy resources. Geologists will play an impor-
tant role in meeting these demands by locating the
needed resources and ensuring protection of the envi-
ronment for the benefit of future generations.

GLOBAL GEOLOGIC
AND ENVIRONMENTAL
ISSUES FACING
HUMANKIND

ost scientists would argue that the great-

est environmental problem facing the

world today is overpopulation. With the
world’s population reaching 6.4 billion in 2004, projec-
tions indicate that this number will grow by at least an-
other billion people during the next two decades,
bringing Earth’s human population to more than 7 bil-
lion. Although this may not seem to be a geologic prob-
lem, remember that these people must be fed, housed,
and clothed, and all with a minimal impact on the envi-
ronment. Some of this population growth will be in
areas that are already at risk from such geologic hazards
as earthquakes, volcanic eruptions, and landslides. Safe
and adequate water supplies must be found and kept
from being polluted. More oil, gas, coal, and alternative
energy resources must be discovered and utilized to pro-
vide the energy to fuel the economies of nations with
ever-increasing populations. New mineral resources
must be located. In addition, ways to reduce usage and
to reuse materials must be devised to decrease depen-
dency on new sources of these materials.

The problems of overpopulation and how it affects the
global ecosystem vary from country to country. For many
of the poor and non-industrialized countries, the problem
is too many people and not enough food. For the more de-
veloped and industrialized countries, it is too many people
rapidly depleting both the nonrenewable and renewable
natural resource base. And in the most industrially devel-
oped countries, it is people producing more pollutants
than the environment can safely recycle on a human time
scale. The common thread tying these varied situations to-
gether is environmental imbalance created by a human
population exceeding Earth’s carrying capacity.

One result of environmental imbalance and an ex-
cellent example of the interrelationships among Earth’s
systems and subsystems is global warming caused by the
greenhouse effect. Carbon dioxide is produced as a by-
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product of respiration and the burning of organic mater-
ial. As such, it is a component of the global ecosystem
and is constantly being recycled as part of the carbon
cycle. The concern in recent years over the increased
level of atmospheric carbon dioxide relates to its role in
the greenhouse effect. The recycling of carbon dioxide
between Earth’s crust and atmosphere is an important
climatic regulator because carbon dioxide, as well as
other gases such as methane, nitrous oxide, chlorofluo-
rocarbons, and water vapor, allows sunlight to pass
through but traps the heat reflected back from Earth’s
surface. Heat is thus retained, causing the temperature
of Earth’s surface and, more important, the atmosphere
to increase, producing the greenhouse effect.

With industrialization and its accompanying burning
of tremendous amounts of fossil fuels, carbon dioxide lev-
els in the atmosphere have been steadily increasing since
about 1880. Many scientists conclude that a global warm-
ing trend has already begun and will lead to severe global
climatic shifts. Most computer models based on the cur-
rent rate of increase in greenhouse gases show Earth
warming by as much as 5°C during the next hundred
years. Such a temperature change will be uneven, how-
ever, with the greatest warming occurring in the higher
latitudes. As a consequence of this warming, rainfall pat-
terns will shift dramatically, which will have a major ef-
fect on the largest grain-producing areas of the world,
such as the American Midwest. Drier and hotter condi-
tions will intensify the severity and frequency of droughts,
leading to more crop failures and higher food prices. With
such shifts in climate, Earth’s deserts may expand, which
will remove valuable crop and grazing lands.

With continued global warming, mean sea level will
also rise as icecaps and glaciers melt and contribute
their water to the world’s oceans. It is predicted that by
the 2050s, sea level will rise 21 cm, increasing the num-
ber of people at risk from flooding in coastal areas by ap-
proximately 20 million.

We would be remiss, however, if we did not point
out that many other scientists are not convinced that the
global warming trend is the direct result of increased
human activity related to industrialization. They point
out that although the level of greenhouse gases has in-
creased, we are still uncertain about their rate of gener-
ation and rate of removal, and whether the rise in global
temperature during the past century resulted from nor-
mal climatic variations through time or from human ac-
tivity. Furthermore, these scientists point out that even
if there is general global warming during the next hun-
dred years, it is not certain that the dire predictions
made by proponents of global warming will come true.

Earth, as we know, is a remarkably complex system,
with many feedback mechanisms and interconnections
throughout its various subsystems and cycles. It is very
difficult to predict all of the consequences that global
warming would have for atmospheric and oceanic circu-
lation patterns.

What Would You Do

An important environmental issue facing the world
today is global warming. How can this problem be ap-
proached from a global systems perspective? What are
the possible consequences of global warming, and can
we really do anything about it? Are there ways to tell
whether global warming occurred in the geologic past?

ORIGIN OF THE UNIVERSE
AND SOLAR SYSTEM,
AND EARTH'S PLACE

IN THEM

ow did the universe begin? What has been its

history? What is its eventual fate, or is it infi-

nite? These are just some of the basic ques-
tions people have asked and wondered about since they
first looked into the nighttime sky and saw the vastness
of the universe beyond Earth.

Origin of the Universe—Did It Begin
with a Big Bang?

Most scientists think that the universe originated about
15 billion years ago in what is popularly called the Big
Bang. The Big Bang is a model for the evolution of the
universe in which a dense, hot state was followed by ex-
pansion, cooling, and a less dense state.

In a region infinitely smaller than an atom, both
time and space were set at zero. Therefore, there is no
“before the Big Bang,” only what occurred after it. The
reason is that space and time are unalterably linked to
form a space—time continuum demonstrated by Ein-
stein’s theory of relativity. Without space, there can be
no time.

How do we know the Big Bang took place approxi-
mately 15 billion years ago? Why couldn’t the universe
have always existed as we know it today? Two fundamen-
tal phenomena indicate that the Big Bang occurred.
First, the universe is expanding. When astronomers look
beyond our own solar system, they observe that every-
where in the universe galaxies are apparently moving
away from each other at tremendous speeds. By measur-
ing this expansion rate, astronomers can calculate how
long ago the galaxies were all together at a single point.
Second, everywhere in the universe there is a pervasive
background radiation of 2.7 degrees above absolute zero
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(absolute zero equals —273°C). This background radia-
tion is thought to be the faint afterglow of the Big Bang.
According to the currently accepted theory, matter as
we know it did not exist at the moment of the Big Bang
and the universe consisted of pure energy. During the first
second following the Big Bang, the four basic forces—
gravity (the attraction of one body toward another), elec-
tromagnetic force (combines electricity and magnetism
into one force and binds atoms into molecules), strong
nuclear force (binds protons and neutrons together), and
weak nuclear force (responsible for the breakdown of an
atom’s nucleus, producing radioactive decay)—separated
and the universe experienced enormous expansion. About
300,000 years later, the universe was cool enough for
complete atoms of hydrogen and helium atoms to form,
and photons (the energetic particles of light) separated
from matter and light burst forth for the first time.
During the next 200 million years, as the universe
continued expanding and cooling, stars and galaxies
began to form and the chemical makeup of the universe
changed. Initially, the universe was 100% hydrogen and
helium, whereas today it is 98% hydrogen and helium
and 2% all other elements by weight. How did such a
change in the universe’s composition occur? Through-
out their life cycle, stars undergo many nuclear reac-
tions in which lighter elements are converted into
heavier elements by nuclear fusion. When a star dies,
often explosively, the heavier elements that were
formed in its core are returned to interstellar space and
are available for inclusion in new stars. In this way, the

M Figure 1.5

composition of the universe is gradually enhanced in
heavier elements.

Our Solar System—Its Origin
and Evolution

Our solar system, which is part of the Milky Way
Galaxy, consists of the Sun, nine planets, 101 known
moons or satellites (although this number keeps chang-
ing with the discovery of new moons and satellites sur-
rounding the Jovian planets), a tremendous number of
asteroids—most of which orbit the Sun in a zone be-
tween Mars and Jupiter—and millions of comets and
meteorites as well as interplanetary dust and gases
(M Figure 1.5). Any theory formulated to explain the origin
and evolution of our solar system must therefore take into
account its various features and characteristics.

Many scientific theories for the origin of the solar
system have been proposed, modified, and discarded
since the French scientist and philosopher René
Descartes first proposed, in 1644, that the solar system
formed from a gigantic whirlpool within a universal fluid.
Today, the solar nebula theory for the origin of our solar
system involves the condensation and collapse of inter-
stellar material in a spiral arm of the Milky Way Galaxy.

The collapse of this cloud of gases and small grains into
a counterclockwise-rotating disk concentrated about 90%
of the material in the central part of the disk and formed an
embryonic Sun, around which swirled a rotating cloud of
material called a solar nebula. Within this solar nebula were

Diagrammatic representation of the solar system, showing the planets and their orbits around the Sun.
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localized eddies in which gases and solid particles con-
densed. During the condensation process, gaseous, liquid,
and solid particles began to accrete into ever-larger masses
called planetesimals (B Figure 1.6) that collided and grew in
size and mass until they eventually became planets.

The composition and evolutionary history of the
planets are a consequence, in part, of their distance
from the Sun (see “The Terrestrial and Jovian Planets”
on pages 14 and 15). The terrestrial planets—Mercury,
Venus, Earth, and Mars—so named because they are
similar to terra, Latin for “earth,” are all small and com-
posed of rock and metallic elements that condensed at
the high temperatures of the inner nebula. The Jovian
planets—]Jupiter, Saturn, Uranus, and Neptune—so
named because they resemble Jupiter (the Roman god
was also named Jove), all have small central rocky cores
compared to their overall size and are composed mostly
of hydrogen, helium, ammonia, and methane, which
condense at low temperatures.

While the planets were accreting, material that had
been pulled into the center of the nebula also con-
densed, collapsed, and was heated to several million de-
grees by gravitational compression. The result was the
birth of a star, our Sun.

During the early accretionary phase of the solar sys-
tem'’s history, collisions between various bodies were
common, as indicated by the craters on many planets
and moons. Asteroids probably formed as planetesimals
in a localized eddy between what eventually became
Mars and Jupiter in much the same way that other plan-
etesimals formed the terrestrial planets. The tremendous
gravitational field of Jupiter, however, prevented this ma-
terial from ever accreting into a planet. Comets, which
are interplanetary bodies composed of loosely bound

M Figure 1.6

At the stage of development shown
here, planetesimals have formed in the
inner solar system, and large eddies of
gas and dust remain at great distances
from the protosun.

rocky and icy material, are thought to have condensed
near the orbits of Uranus and Neptune.

The solar nebula theory for the formation of the
solar system thus accounts for most of the characteris-
tics of the planets and their moons, the differences in
composition between the terrestrial and Jovian planets,
and the presence of the asteroid belt. Based on the avail-
able data, the solar nebula theory best explains the fea-
tures of the solar system and provides a logical
explanation for its evolutionary history.

Earth—Its Place in Our Solar System

Some 4.6 billion years ago, various planetesimals in our
solar system gathered enough material together to form
Earth and eight other planets. Scientists think that this
early Earth was probably cool, of generally uniform
composition and density throughout, and composed
mostly of silicates, compounds consisting of silicon and
oxygen, iron and magnesium oxides, and smaller
amounts of all the other chemical elements (B Figure
1.7a). Subsequently, when the combination of meteorite
impacts, gravitational compression, and heat from ra-
dioactive decay increased the temperature of Earth
enough to melt iron and nickel, this homogeneous com-
position disappeared (Figure 1.7b) and was replaced by
a series of concentric layers of differing composition and
density, resulting in a differentiated planet (Figure 1.7c).

This differentiation into a layered planet is probably
the most significant event in Earth history. Not only did
it lead to the formation of a crust and eventually to con-
tinents, but it also was probably responsible for the emis-
sion of gases from the interior that eventually led to the
formation of the oceans and atmosphere.
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Homogeneous accretion theory for the formation of a differentiated Earth. (a) Early Earth was probably of uniform composition and density
throughout. (b) Heating of early Earth reached the melting point of iron and nickel, which, being denser than silicate minerals, settled to
Earth’s center. At the same time, the lighter silicates flowed upward to form the mantle and the crust. (c) In this way, a differentiated Earth
formed, consisting of a dense iron-nickel core, an iron-rich silicate mantle, and a silicate crust with continents and ocean basins.

WHY IS EARTH A DYNAMIC
AND EVOLVING PLANET?

arth is a dynamic planet that has changed con-

tinuously during its 4.6-billion-year existence.

The size, shape, and geographic distribution of
continents and ocean basins have changed through
time, the composition of the atmosphere has evolved,
and life-forms existing today differ from those that lived
during the past. Mountains and hills have been worn
away by erosion, and landscapes have been changed by
the forces of wind, water, and ice. Volcanic eruptions
and earthquakes reveal an active interior, and folded
and fractured rocks indicate the tremendous power of
Earth’s internal forces.

Earth consists of three concentric layers: the core,
the mantle, and the crust (M Figure 1.8). This orderly di-
vision results from density differences between the layers
as a function of variations in composition, temperature,
and pressure.

The core has a calculated density of 10 to 13 grams
per cubic centimeter (g/cm?3) and occupies about 16% of
Earth’s total volume. Seismic (earthquake) data indicate
that the core consists of a small, solid, inner part and a
larger, apparently liquid, outer portion. Both are thought
to consist largely of iron and a small amount of nickel.

The mantle surrounds the core and comprises about
83% of Earth’s volume. It is less dense than the core
(3.3-5.7 g/cm?) and is thought to be composed largely
of peridotite, a dark, dense igneous rock containing
abundant iron and magnesium. The mantle can be di-
vided into three distinct zones based on physical charac-
teristics. The lower mantle is solid and forms most of the
volume of Earth’s interior. The asthenosphere sur-
rounds the lower mantle. It has the same composition
as the lower mantle but behaves plastically and slowly
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Lithosphere

Lower mantle

Mantle

=

Quter
core
(liquid)
Inner core
(solid)
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A cross section of Earth, illustrating the core, mantle, and crust. The
enlarged portion shows the relationship between the lithosphere
(composed of the continental crust, oceanic crust, and solid upper
mantle) and the underlying asthenosphere and lower mantle.

flows. Partial melting within the asthenosphere gener-
ates magma (molten material), some of which rises to
the surface because it is less dense than the rock from
which it was derived. The upper mantle surrounds the
asthenosphere. The solid upper mantle and the overly-
ing crust constitute the lithosphere, which is broken
into numerous individual pieces called plates that move
over the asthenosphere as a result of underlying convec-



WHY IS EARTH A DYNAMIC AND EVOLVING PLANET?

17

Mid-oceanic ridge

Trench Ocean
Subduction
) Oceanic
(?ontmental lithosphere
lithosphere
. Cold
Convection ]
cell Upwelling Hot

Outer

core Mantle

Inner

core

@ M Active Figure 1.9

Earth's plates are thought to move as a result of underlying mantle convection cells in which warm
material from deep within Earth rises toward the surface, cools, and then, upon losing heat, descends
back into the interior. The movement of these convection cells is thought to be the mechanism
responsible for the movement of Earth’s plates, as shown in this diagrammatic cross section.

The crust, Earth’s outer-
most layer, consists of two
types. Continental crust is
thick (20-90 km), has an aver-
age density of 2.7 g/cm3, and
contains considerable silicon
and aluminum. Oceanic crust
is thin (5—10 km), denser than
continental crust (3.0 g/lcm3),
and is composed of the dark-
colored igneous rock basalt.
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& Log into Ge-
ologyNow and select this chapter to
work through a Geology Interactive
activity on “Core Studies” (click
Earth's Layers—Core Studies).

Plate Tectonic Theory

The recognition that the
lithosphere is divided into

tion cells (M Figure 1.9). Interactions of these plates are
responsible for such phenomena as earthquakes, volcanic
eruptions, and the formation of mountain ranges and
ocean basins.

rigid plates that move over the asthenosphere forms
the foundation of plate tectonic theory (M Figure
1.10). Zones of volcanic activity, earthquakes, or both
mark most plate boundaries. Along these boundaries

Marianas Trench
Ve

: Sip .
¢ 553 e S , Eurasian
? » 3 late
L. C P\, 'Fuca plate Qg’o’ ; R .
o ®) R g d
oS Seaqof o “,“e(\ & Adi " 5 e||echLlJr:(|sh
. ) i N, ¢ e, plate
e § Kuril AleW® by Iré?l P Iran
! . NN ench 2 P NN
% Philippine X~ §3 SanAndreas k¢ % 1 m& [ Fe- Plate
ey YV j/~Japan Trench  Fault " Caribbean - *‘_‘

Middle

East African

. _ Pacific  America rift valley
\ Bismark plate Trench
plate New Hebrides Trench
& Fiji plate &
NG np &
Indian- SoI:mon 3
Australian a
plate plate B
¥y —Kermadec-Tonga
) &/ Trench w
4
&
) . ~b°‘> )
Macquarie N &
Ridge . N\xarCt\G . Atlantc”
a7 <
L ,bo{‘\ Antarctic plate ##
Ridge axis Transform Subduction zone Zones of extension within continents Uncertain plate boundary
Divergent boundary boundary Convergent boundary

M Figure 1.10

Earth’s lithosphere is divided into rigid plates of various sizes that move over the asthenosphere.
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An idealized cross section illustrating the relationship between the lithosphere and the underlying asthenosphere and the three principal

types of plate boundaries: divergent, convergent, and transform.

plates diverge, converge, or slide sideways past each
other (M Figure 1.11).

The acceptance of plate tectonic theory is recog-
nized as a major milestone in the geologic sciences,
comparable to the revolution Darwin’s theory of evolu-
tion caused in biology. Plate tectonics has provided a

Table 1.3

Plate Tectonics and Earth Systems

Solid Earth

framework for interpreting the composition, structure,
and internal processes of Earth on a global scale. It has
led to the realization that the continents and ocean
basins are part of a lithosphere-asthenosphere-
hydrosphere system that evolved together with Earth’s
interior (Table 1.3).

Plate tectonics is driven by convection in the mantle and in turn drives mountain-building and associated igneous and meta-

morphic activity.

Atmosphere

Arrangement of continents affects solar heating and cooling, and thus winds and weather systems. Rapid plate spreading and
hot-spot activity may release volcanic carbon dioxide and affect global climate.

Hydrosphere

Continental arrangement affects ocean currents. Rate of spreading affects volume of mid-oceanic ridges and hence sea level.

Placement of continents may contribute to onset of ice ages.

Biosphere

Movement of continents creates corridors or barriers to migration, the creation of ecological niches, and transport of habitats

into more or less favorable climates.

Extraterrestrial

Arrangement of continents affects free circulation of ocean tides and influences tidal slowing of Earth’s rotation.

Source: Adapted by permission from Stephen Dutch, James S. Monroe, and Joseph Moran, Earth Science (Minneapolis/St. Paul: West Publishing

Co., 1997).
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A revolutionary concept when it was proposed in the
1960s, plate tectonic theory has had far-reaching conse-
quences in all fields of geology because it provides the
basis for relating many seemingly unrelated phenomena.
Besides being responsible for the major features of
Earth’s crust, plate movements also affect the formation
and occurrence of Earth’s natural resources as well as
the distribution and evolution of the world’s biota.

The impact of plate tectonic theory has been partic-
ularly notable in the interpretation of Earth history. For
example, the Appalachian Mountains in eastern North
America and the mountain ranges of Greenland, Scot-
land, Norway, and Sweden are not the result of unre-
lated mountain-building episodes but rather are part of
a larger mountain-building event that involved closing
an ancient “Atlantic Ocean” and the formation of the
supercontinent Pangaea about 245 million years ago.

= Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Plate Locations”
(click Plate Tectonics—Plate Locations).

THE ROCK CYCLE

rock is an aggregate of minerals, which are nat-

urally occurring, inorganic, crystalline solids

that have definite physical and chemical prop-
erties. Minerals are composed of elements such as oxygen,
silicon, and aluminum, and elements are made up of
atoms, the smallest particles of matter that retain the char-
acteristics of an element. More than 3500 minerals have
been identified and described, but only about a dozen make
up the bulk of the rocks in Earth’s crust (see Table 3.4).

Geologists recognize three major groups of rocks—
igneous, sedimentary, and metamorphic—each of which
is characterized by its mode of formation. Each group
contains a variety of individual rock types that differ from
one another on the basis of their composition or texture
(the size, shape, and arrangement of mineral grains).

The rock cycle provides a way of viewing the inter-
relationships between Earth’s internal and external
processes (M Figure 1.12). It relates the three rock groups
to each other; to surficial processes such as weathering,
transportation, and deposition; and to internal processes
such as magma generation and metamorphism. Plate
movement is the mechanism responsible for recycling rock
materials and therefore drives the rock cycle.

Igneous rocks result when magma crystallizes or vol-
canic ejecta such as ash accumulate and consolidate. As
magma cools, minerals crystallize, and the resulting rock
is characterized by interlocking mineral grains. Magma
that cools slowly beneath the surface produces intrusive
igneous rocks (M Figure 1.13a); magma that cools at the
surface produces extrusive igneous rocks (Figure 1.13b).

Rocks exposed at Earth’s surface are broken into
particles and dissolved by weathering processes. The

particles and dissolved materials may be transported by
wind, water, or ice and eventually deposited as sediment.
This sediment may then be compacted or cemented
(lithified) into sedimentary rock.

Sedimentary rocks form in one of three ways: con-
solidation of mineral or rock fragments, precipitation of
mineral matter from solution, or compaction of plant or
animal remains (Figure 1.13¢, d). Because sedimentary
rocks form at or near Earth’s surface, geologists can
make inferences about the environment in which they
were deposited, the transporting agent, and perhaps
even something about the source from which the sedi-
ments were derived. Accordingly, sedimentary rocks are
especially useful for interpreting Earth history.

Metamorphic rocks result from the alteration of
other rocks, usually beneath the surface, by heat, pres-
sure, and the chemical activity of fluids. For example,
marble, a rock preferred by many sculptors and builders,
is a metamorphic rock produced when the agents of
metamorphism are applied to the sedimentary rocks
limestone or dolostone. Metamorphic rocks are either
foliated (Figure 1.13e) or nonfoliated (Figure 1.13f). Fo-
liation, the parallel alignment of minerals due to pres-
sure, gives the rock a layered or banded appearance.

How Are the Rock Cycle and Plate
Tectonics Related?

Interactions between plates determine, to some extent,
which of the three rock groups will form (M Figure 1.14).
For example, when plates converge, heat and pressure gen-
erated along the plate boundary may lead to igneous activity
and metamorphism within the descending oceanic plate,
thus producing various igneous and metamorphic rocks.
Some of the sediments and sedimentary rocks on
the descending plate are melted, whereas other sedi-
ments and sedimentary rocks along the boundary of the
nondescending plate are metamorphosed by the heat
and pressure generated along the converging plate
boundary. Later, the mountain range or chain of volcanic
islands formed along the convergent plate boundary will
be weathered and eroded, and the new sediments will
be transported to the ocean to begin yet another cycle.
The interrelationship between the rock cycle and
plate tectonics is just one example of how Earth'’s vari-
ous subsystems and cycles are all interrelated. Heating
within Earth’s interior results in convection cells that
power the movement of plates and also in magma, which
forms intrusive and extrusive igneous rocks. Movement
along plate boundaries may result in volcanic activity,
earthquakes, and in some cases, mountain building. The
interaction between the atmosphere, hydrosphere, and
biosphere contributes to the weathering of rocks exposed
on Earth’s surface. Plates descending back into Earth’s
interior are subjected to increasing heat and pressure,
which may lead to metamorphism as well as the genera-
tion of magma and yet another recycling of materials.
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M Figure 1.12

The rock cycle shows the interrelationships between Earth's internal and external processes and how the three major rock groups are related.
Source: Modified from Figure 12, Dietrich, R. V., 1979, Geology and Michigan: Fourty-nine Questions and Answers.
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&= Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “The Rock Cycle”
(click Rocks and the Rock Cycle—Rock Cycle).

ORGANIC EVOLUTION
AND THE HISTORY
OF LIFE

late tectonic theory provides us with a model for
understanding the internal workings of Earth
and its effect on Earth’s surface. The theory of
organic evolution (all living things are related and have
descended with modification from organisms living in
the past) provides the conceptual framework for under-
standing the history of life. Together, the theories of
plate tectonics and organic evolution have changed the
way we view our planet, and we should not be surprised

at the intimate association between them. Although the
relationship between plate tectonic processes and the
evolution of life is incredibly complex, paleontological
data provide indisputable evidence of the influence of
plate movement on the distribution of organisms.

The publication in 1859 of Darwin’s On the Origin of
Species by Means of Natural Selection revolutionized biol-
ogy and marked the beginning of modern evolutionary bi-
ology. With its publication, most naturalists recognized
that evolution provided a unifying theory that explained
an otherwise encyclopedic collection of biologic facts.

The central thesis of organic evolution is that all
present-day organisms are related, and that they have de-
scended with modifications from organisms that lived dur-
ing the past. When Darwin proposed his theory of organic
evolution, he cited a wealth of supporting evidence, includ-
ing the way organisms are classified, embryology, compara-
tive anatomy, the geographic distribution of organisms,
and, to a limited extent, the fossil record. Furthermore,
Darwin proposed that natural selection, which results in
the survival to reproductive age of those organisms best
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(a) Granite

(d) Limestone

M Figure 1.13

(b) Basalt

(e) Gneiss

(c) Conglomerate

(f) Quartzite

Hand specimens of common igneous (a, b), sedimentary (c, d), and metamorphic (e, f) rocks. (a) Granite, an intrusive igneous rock. (b) Basalt,
an extrusive igneous rock. (c) Conglomerate, a sedimentary rock formed by the consolidation of rock fragments. (d) Limestone, a
sedimentary rock formed by the extraction of mineral matter from seawater by organisms or by the inorganic precipitation of the mineral
calcite from seawater. (e) Gneiss, a foliated metamorphic rock. (f) Quartzite, a nonfoliated metamorphic rock.
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M Figure 1.14

Plate tectonics and the rock cycle. The cross
section shows how the three major rock
groups—igneous, metamorphic, and
sedimentary—are recycled through both the
continental and oceanic regions.
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adapted to their environment, is the mechanism that ac-
counts for evolution.

Perhaps the most compelling evidence in favor of
evolution can be found in the fossil record. Just as the
geologic record allows geologists to interpret physical
events and conditions in the geologic past, fossils, which
are the remains or traces of once-living organisms, not
only provide evidence that evolution has occurred, but
also demonstrate that Earth has a history extending be-
yond that recorded by humans.

GEOLOGIC TIME AND
UNIFORMITARIANISM

n appreciation of the immensity of geologic

time is central to understanding the evolution

of Earth and its biota. Indeed, time is one of
the main aspects that sets geology apart from the other
sciences, except astronomy. Most people have difficulty
comprehending geologic time because they tend to think
in terms of the human perspective—seconds, hours, days,
and years. Ancient history is what occurred hundreds or
even thousands of years ago. When geologists talk of an-
cient geologic history, however, they are referring to events
that happened hundreds of millions or even billions of
years ago. To a geologist, recent geologic events are those
that occurred within the last million years or so.

It is also important to remember that Earth goes
through cycles of much longer duration than the human
perspective of time. Although they may have disastrous
effects on the human species, global warming and cool-
ing are part of a larger cycle that has resulted in numer-
ous glacial advances and retreats during the past 1.6
million years. Because of their geologic perspective on
time and how the various Earth subsystems and cycles
are interrelated, geologists can make valuable contribu-
tions to many of the current environmental debates such
as those involving global warming and sea level changes.

The geologic time scale resulted from the work of
many 19th-century geologists who pieced together in-
formation from numerous rock exposures and con-
structed a sequential chronology based on changes in
Earth’s biota through time. Subsequently, with the dis-
covery of radioactivity in 1895 and the development of
various radiometric dating techniques, geologists have
been able to assign absolute ages in years to the subdivi-
sions of the geologic time scale (M Figure 1.15).

One of the cornerstones of geology is the principle
of uniformitarianism, which is based on the premise
that present-day processes have operated throughout ge-
ologic time. Therefore, to understand and interpret geo-
logic events from evidence preserved in rocks, we must
first understand present-day processes and their results.
In fact, uniformitarianism fits in completely with the sys-
tem approach we are following for the study of Earth.
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The geologic time scale. Numbers to the right of the columns are
ages in millions of years before the present.

Uniformitarianism is a powerful principle that allows
us to use present-day processes as the basis for interpret-
ing the past and for predicting potential future events.
We should keep in mind, however, that uniformitarian-
ism does not exclude sudden or catastrophic events such
as volcanic eruptions, earthquakes, landslides, or flood-
ing. These are processes that shape our modern world,
and some geologists view Earth history as a series of such
short-term or punctuated events. This view is certainly in
keeping with the modern principle of uniformitarianism.

Furthermore, uniformitarianism does not require
that the rates and intensities of geologic processes be
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constant through time. We know that volcanic activity
was more intense in North America 5 to 10 million years
ago than it is today, and that glaciation has been more
prevalent during the last several million years than in
the previous 300 million years.

What uniformitarianism means is that even though
the rates and intensities of geologic processes have var-
ied during the past, the physical and chemical laws of
nature have remained the same. Although Earth is in a
dynamic state of change and has been ever since it
formed, the processes that shaped it during the past are
the same ones operating today.

HOW DOES THE
STUDY OF GEOLOGY
BENEFIT US?

he most meaningful lesson to learn from the
study of geology is that Earth is an extremely
complex planet in which interactions among

GEO

its various subsystems are taking place and have been
occurring for the past 4.6 billion years. If we want to
ensure the survival of the human species, we must un-
derstand how the various subsystems work and interact
with each other and, more important, how our actions
affect the delicate balance between these systems.

The study of geology goes beyond learning numer-
ous facts about Earth. In fact, we don’t just study ge-
ology—we “live” it. Geology is an integral part of our
lives. Our standard of living depends directly on our
consumption of natural resources, resources that
formed millions and billions of years ago. However, the
ways we consume natural resources and interact with
the environment, as individuals and as a society, also
determine our ability to pass on this standard of living
to the next generation.

As you study the various topics covered in this book,
keep in mind the themes discussed in this chapter and
how, like the parts of a system, they are interrelated. By
relating each chapter’s topic to its place in the entire
Earth system, you will gain a greater appreciation of why
geology is so integral to our lives.

RECAP

Chapter Summary

Earth can be viewed as a system of interconnected
components that interact and affect one another.
The principal subsystems of Earth are the atmos-
phere, hydrosphere, biosphere, lithosphere, mantle,
and core. Earth is considered a dynamic planet that
changes continuously because of the interactions
among its various subsystems and cycles.

Geology, the study of Earth, is divided into two
broad areas: Physical geology is the study of Earth
materials as well as the processes that operate
within and on Earth’s surface; historical geology
examines the origin and evolution of Earth, its con-
tinents, oceans, atmosphere, and life.

The scientific method is an orderly, logical
approach that involves gathering and analyzing
facts about a particular phenomenon, formulating

hypotheses to explain the phenomenon, testing the
hypotheses, and finally proposing a theory. A theory
is a testable explanation for some natural phenome-
non that has a large body of supporting evidence.

Geology is part of the human experience. We can
find examples of it in art, music, and literature. A
basic understanding of geology is also important for
dealing with the many environmental problems and
issues facing society.

Geologists engage in a variety of occupations, the
main one being exploration for mineral and energy
resources. They are also becoming increasingly
involved in environmental issues and making short-
and long-range predictions of the potential dangers
from such natural disasters as volcanic eruptions
and earthquakes.
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The universe began with a Big Bang approximately
15 billion years ago. Astronomers have deduced this
age by measuring the rate at which celestial objects
are moving away from each other in what appears
to be an ever-expanding universe. Furthermore, the
universe has a background radiation of 2.7 degrees
above absolute zero, radiation that is thought to be
the faint afterglow of the Big Bang.

About 4.6 billion years ago, the solar system formed
from a rotating cloud of interstellar matter. As this
cloud condensed, it eventually collapsed under the
influence of gravity and flattened into a
counterclockwise-rotating disk. Within this rotating
disk, the Sun, planets, and moons formed from the
turbulent eddies of nebular gases and solids.

Earth formed from a swirling eddy of nebular ma-
terial 4.6 billion years ago. It probably accreted as a
solid body and then soon underwent differentiation
during a period of internal heating.

Earth is differentiated into layers. The outermost
layer is the crust, which is divided into continental
and oceanic portions. The crust and the underlying
solid part of the upper mantle, also known as the
lithosphere, overlie the asthenosphere, a zone that
slowly flows. The asthenosphere is underlain by the
solid lower mantle. Earth’s core consists of an outer
liquid portion and an inner solid portion.

The lithosphere is broken into a series of plates that
diverge, converge, and slide sideways past one another.

Plate tectonic theory provides a unifying explana-
tion for many geologic features and events. The
interaction between plates is responsible for vol-

Important Terms

asthenosphere (p. 14)

Big Bang (p. 11)

core (p. 14)

crust (p. 15)

fossil (p. 22)

geologic time scale (p. 22)
geology (p. 6)

hypothesis (p. 8)

igneous rock (p. 19)
Jovian planets (p. 13)

mantle (p. 14)

plate (p. 14)

(p. 22)

Review Questions

1. That all living organisms are the descendents
of different life-forms that existed in the past
is the central claim of
a. the principle of fossil succession;

b. plate tectonics; c. the principle

lithosphere (p. 14)

metamorphic rock (p. 19)
mineral (p. 19)
organic evolution (p. 20)

plate tectonic theory (p. 15)
principle of uniformitarianism

canic eruptions, earthquakes, the formation of
mountain ranges and ocean basins, and the recy-
cling of rock materials.

The three major rock groups are igneous, sedimen-
tary, and metamorphic. Igneous rocks result from the
crystallization of magma or the consolidation of vol-
canic ejecta. Sedimentary rocks are formed mostly by
the consolidation of rock fragments, precipitation of
mineral matter from solution, or compaction of plant
or animal remains. Metamorphic rocks are produced
from other rocks, generally beneath Earth’s surface,
by heat, pressure, and chemically active fluids.

The rock cycle illustrates the interactions between
internal and external Earth processes and shows
how the three rock groups are interrelated.

The central thesis of the theory of organic evolution is
that all living organisms evolved (descended with
modifications) from organisms that existed in the past.

Time sets geology apart from the other sciences
except astronomy, and an appreciation of the
immensity of geologic time is central to under-
standing Earth’s evolution. The geologic time scale
is the calendar geologists use to date past events.

The principle of uniformitarianism is basic to the
interpretation of Earth history. This principle holds
that the laws of nature have been constant through
time and that the same processes operating today
have operated in the past, though at different rates.

Geology is an integral part of our lives. Our stan-
dard of living depends directly on our consumption
of natural resources, resources that formed millions
and billions of years ago.

rock (p. 19)

rock cycle (p. 19)
scientific method (p. 7)
sedimentary rock (p. 19)
solar nebula theory (p. 12)
system (p. 4)

terrestrial planets (p. 13)
theory (p. 7)

of uniformitarianism; d.
tion; e.
2. Rocks that result from the alteration of other
rocks, usually beneath the surface, by heat,
pressure, and the chemical activity of fluids are

organic evolu-
none of these.
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a. igneous; b. sedimentary;
c. metamorphic; d. volcanic;
e. answers a and d.

3. A combination of related parts interacting in
an organized fashion is

a. a cycle; b. a theory;
c. uniformitarianism;
d. a hypothesis; e. a system.

4. According to the currently accepted theory
for the origin of the solar system,
a. a huge nebula collapsed under its own
gravitational attraction; b. the nebula
formed a disc with the Sun in the center;
c. planetesimals accreted from gaseous,
liquid, and solid particles;
d. all of these; e. none of these.

5. The study of Earth materials is
a. economic geology; b.
geology; c. historical geology;
d. structural geology; e. environ-
mental geology.

physical

6. It is thought that plate movement results
from
a. gravitational forces; b. density
differences between the mantle and core;
c. rotation of the mantle around the
core; d. convection cells; e. the
Coriolis effect.

7. Interaction between the atmosphere, hydro-
sphere, and biosphere is a major contributor to

a. mountain building; b. the gener-
ation of magma; c. weathering of Earth
materials; d. metamorphism;

e. plate movement.

8. Which of the following statements about a
scientific theory is not true?
a. It is an explanation for some natural
phenomenon; b. Predictive statements
can be derived from it; c. It is a conjec-
ture or guess; d. It has a large body of
supporting evidence; e. It is testable.

9. The lithosphere consists of

a. the crust and the solid portion of the
upper mantle; b. the asthenosphere and
the solid portion of the upper mantle;

World Wide Web Activities

S Assess your understanding of this
chapter’s topics with additional quizzing and compre-
hensive interactivities at

hitp://earthscience.brookscole.com/changingearth4e

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

c. the crust and asthenosphere;
d. continental and oceanic crust only;
e.____ the core and mantle.

The premise that present-day processes have
operated throughout geologic time is the
principle of

a. fossil succession; b. uniformitari-
anism; c. continental drift;

d. plate tectonics;

e. scientific deduction.

Which layer has the same composition as the
mantle but behaves plastically?

a. continental crust; b. oceanic
crust; c. outer core; d. inner core;
e._____asthenosphere.

Discuss what is meant by this statement: The
health and well-being of the world’s economy
are completely dependent on geologic
resources.

Why is an accurate geologic time scale partic-
ularly important for geologists in examining
changes in global temperatures during the
past?

Why is it important that everyone have a
basic understanding of geology, even if they
aren’t going to become geologists?

Describe how you would use the scientific
method to formulate a hypothesis explaining
the similarity of mountain ranges on the east
coast of North America and in England, Scot-
land, and the Scandinavian countries. How
would you test your hypothesis?

Discuss how the three major layers of Earth
differ from each other and why the differenti-
ation into a layered planet is probably the
most significant event in Earth history.
Explain how the principle of uniformitarian-
ism allows for catastrophic events.

Discuss why plate tectonic theory is a unify-
ing theory of geology.

Explain the advantage of using a system ap-
proach to the study of Earth.

Explain how a knowledge of geology would be
useful in planning a military campaign
against another country.

as well as current and up-to-date weblinks, additional
readings, and InfoTrac College Edition exercises.
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CHAPTER 2 OBJECTIVES

At the end of this chapter,
you will have learned that:

OUTLINE

Introduction .

GEO-FOCUS 2.1: Oil, Plate Tectonics,
and Politics

What Were Some of the Early Ideas About
Continental Drift?

What Is the Evidence for Continental Drift?
Paleomagnetism and Polar Wandering

How Do Magnetic Reversals Relate to
Seafloor Spreading?

Why Is Plate Tectonics a Unifying Theory?

What Are the Three Types of Plate
Boundaries?

What Are Hot Spots and Mantle Plumes?

How Are Plate Movement and Motion
Determined?

What Is the Driving Mechanism of Plate
Tectonics?

How Does Plate Tectonics Affect the
Distribution of Natural Resources?

How Does Plate Tectonics Affect the
Distribution of Life?

Geo-Recap

GEONQY@NUW This icon, which appears throughout the book, in-
dicates an opportunity to explore interactive tutorials, animations, or
practice problems available on the GeologyNow website at
http://earthscience.brookscole.com/changingearth4e.

Image of South America generated from the Shuttle Radar Topography
Mission aboard the Space Shuttle Endeavour, launched on February 11,
2000. The Andes Mountains can be clearly seen along the Pacific Coast
and are the result of subduction of the Nazca plate beneath the South
American plate. The Amazon River can be seen to the east of the Andes
Mountains draining much of northern South America. Source: NASA

Plate tectonics is the unifying theory
of geology and has revolutionized

geology.

The hypothesis of continental drift
was based on considerable geologic,
paleontologic, and climatologic

evidence.

The hypothesis of seafloor spreading
accounts for continental movement
and the idea that thermal convection
cells provide a mechanism for plate

movement.

The three types of plate boundaries
are divergent, convergent, and trans-
form. Along these boundaries new
plates are formed, consumed, or

slide past one another.

Interaction along plate boundaries
accounts for most of Earth’s earth-

quake and volcanic activity.

The rate of movement and motion of
plates can be calculated in several ways.

Some type of convective heat system

is involved in plate movement.

Plate movement affects the distribu-

tion of natural resources.

Plate movement affects the distribu-
tion of the world’s biota and has

influenced evolution.
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t 8:46 A.M. on January 26, 2001, an earth-

quake of magnitude 7.7 rocked the Guijarat

region of India as well as neighboring Pak-

istan. Flattening villages and toppling high-
rise buildings in cities, this earthquake caused an estimated
$1.3 billion in damages. It is estimated that more than 20,000
people died, 167,000 were injured, and 600,000 were left
homeless. It was the most powerful earthquake to strike India
since 1950, when an 8.5-magnitude earthquake killed more
than 1500 people.

On June 15, 1991, Mount Pinatubo in the Philippines
erupted violently, discharging huge quantities of ash and
gases into the atmosphere. Fortunately, warnings of an im-
pending eruption were heeded, and 200,000 people were
evacuated from areas around the volcano, yet the eruption
still caused 722 deaths.

What do these two tragic events and other equally de-
structive volcanic eruptions and earthquakes have in com-
mon? They are part of the dynamic interactions involving
Earth’s plates. When two plates come together, one plate is
pushed or pulled under the other plate, triggering large
earthquakes such as the one that shook India in 2001 and
Iran in 2003. As the descending plate moves downward and
is assimilated into Earth’s interior, magma is generated.
Being less dense than the surrounding material, the magma

WHAT WERE SOME OF
THE EARLY IDEAS ABOUT
CONTINENTAL DRIFT?

he idea that Earth’s past geography was dif-

ferent from today is not new. The earliest

maps showing the east coast of South Amer-
ica and the west coast of Africa probably provided peo-
ple with the first evidence that continents may have
once been joined together, then broken apart and moved
to their present positions.

During the late 19th century, the Austrian geologist
Edward Suess noted the similarities between the Late
Paleozoic plant fossils of India, Australia, South Africa,
and South America as well as evidence of glaciation in
the rock sequences of these southern continents. The
plant fossils comprise a unique flora that occurs in the
coal layers just above the glacial deposits of these south-
ern continents. This flora is very different from the con-
temporaneous coal swamp flora of the northern
continents and is collectively known as the Glossopteris
flora after its most conspicuous genus (M Figure 2.1).

In his book, The Face of the Earth, published in
1885, Suess proposed the name Gondwanaland (or

rises toward the surface, where it may erupt as a volcano
such as Mount Pinatubo did in 1991 and others have since.
It therefore should not be surprising that the distribution of
volcanoes and earthquakes closely follows plate boundaries.

As we stated in Chapter 1, plate tectonic theory has had
significant and far-reaching consequences in all fields of geol-
ogy because it provides the basis for relating many seemingly
unrelated phenomena. The interactions between moving
plates determines the locations of continents, ocean basins,
and mountain systems, which in turn affect atmospheric and
oceanic circulation patterns that ultimately determine global
climates (see Table 1.3). Plate movements have also profoundly
influenced the geographic distribution, evolution, and extinc-
tion of plants and animals. Furthermore, the formation and dis-
tribution of many geologic resources, such as metal ores, are
related to plate tectonic processes, so geologists incorporate
plate tectonic theory into their prospecting efforts.

If you're like most people, you probably have no idea or
only a vague notion of what plate tectonic theory is. Yet plate
tectonics affects all of us, whether in terms of the destruction
caused by volcanoes and earthquakes or politically and eco-
nomically (see Geo-Focus 2.1). It is therefore important to un-
derstand this unifying theory, not only because it affects us as
individuals and citizens of nation-states, but also because it ties
together many aspects of the geology you will be studying.

Gondwana as we will use here) for a supercontinent
composed of the aforementioned southern continents.
Abundant fossils of the Glossopteris flora are found in
coal beds in Gondwana, a province in India. Suess
thought these southern continents were connected by
land bridges over which plants and animals migrated.
Thus, in his view, the similarities of fossils on these con-
tinents were due to the appearance and disappearance
of the connecting land bridges.

The American geologist Frank Taylor published a
pamphlet in 1910 presenting his own theory of conti-
nental drift. He explained the formation of mountain
ranges as a result of the lateral movement of conti-
nents. He also envisioned the present-day continents
as parts of larger polar continents that eventually
broke apart and migrated toward the equator after
Earth’s rotation was supposedly slowed by gigantic
tidal forces. According to Taylor, these tidal forces
were generated when Earth captured the Moon about
100 million years ago.

Although we now know that Taylor’s mechanism is
incorrect, one of his most significant contributions was
his suggestion that the Mid-Atlantic Ridge, discovered
by the 1872—1876 British HMS Challenger expeditions,
might mark the site along which an ancient continent
broke apart to form the present-day Atlantic Ocean.
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QOil, Plate Tectonics, and Politics

tis certainly not surprising that

oil and politics are closely

linked. The Iran-lraq War of

1980-1989 and the Gulf War of
1990-1991 were both fought over
oil (M Figure 1). Indeed, many of
the conlflicts in the Middle East
have had as their underlying cause,
control of the vast deposits of pe-
troleum in the region. Most people,
however, are not aware of why
there is so much oil in this part of
the world.

Although large concentrations
of petroleum occur in many areas
of the world, more than 50% of all
proven reserves are in the Persian
Gulf region. Interestingly, however,
this region did not be-
come a significant
petroleum-producing
area until the economic
recovery following
World War II. After the
war, Western Europe
and Japan in particular
became dependent on
Persian Gulf oil, and
they still rely heavily on
this region for most of
their supply. The United
States is also
dependent on imports
from the Persian Gulf
but receives significant
quantities of petroleum
from other sources such
as Mexico and
Venezuela.

Why is so much oil in
the Persian Gulf region?
The answer lies in the
ancient geography and
plate movements of this
region during the Meso-

Collection of the J. Paul Getty Museum

M Figure 1

zoic and Cenozoic eras. During the
Mesozoic Era, and particularly the
Cretaceous Period when most of
the petroleum formed, the Persian
Gulf area was a broad marine shelf
extending eastward from Africa.
This continental margin lay near the
equator where countless microor-
ganisms lived in the surface waters.
The remains of these organisms
accumulated with the bottom sedi-
ments and were buried, beginning
the complex process of petroleum
generation and the formation of
source beds.

As a consequence of rifting in the
Red Sea and Gulf of Aden during the
Cenozoic Era, the Arabian plate is

moving northeast away from Africa
and subducting beneath Iran. As the
sediments of the passive continental
margin were initially subducted, dur-
ing the early stages of collision be-
tween Arabia and Iran, the heating
broke down the organic molecules
and led to the formation of petroleum.
The tilting of the Arabian block to the
northeast allowed the newly formed
petroleum to migrate upward into the
interior of the Arabian plate. The con-
tinued subduction and collision with
Iran folded the rocks, creating traps for
petroleum to accumulate, such that
the vast area south of the collision
zone (known as the Zagros suture) is a
major oil-producing region.

The Kuwaiti night skies were illuminated by 700 blazing oil wells set on fire by Iragi troops during the 1991
Gulf War. The fires continued for nine months.
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M Figure 2.1

Glossopteris leaves from the Upper Permian Dunedoo Formation,
Australia. Fossils of the Glossopteris flora are found on all five of
the Gondwana continents, thus providing evidence that these
continents were at one time connected.

Alfred Wegener and the Continental
Drift Hypothesis

Alfred Wegener, a German meteorologist (M Figure 2.2),
is generally credited with developing the hypothesis of
continental drift. In his monumental book, The Origin of
Continents and Oceans (first published in 1915), Wegener
proposed that all landmasses were originally united in a
single supercontinent that he named Pangaea, from the
Greek meaning “all land.” Wegener portrayed his grand
concept of continental movement in a series of maps
showing the breakup of Pangaea and the movement of the

Image not available due to copyright restrictions

various continents to their present-day locations. Wegener
amassed a tremendous amount of geologic, paleontologic,
and climatologic evidence in support of continental drift,
but the initial reaction of scientists to his then-heretical
ideas can best be described as mixed.

Nevertheless, the eminent South African geologist
Alexander du Toit further developed Wegener’s argu-
ments and gathered more geologic and paleontologic ev-
idence in support of continental drift. In 1937 du Toit
published Our Wandering Continents, in which he con-
trasted the glacial deposits of Gondwana with coal de-
posits of the same age found in the continents of the
Northern Hemisphere. To resolve this apparent climato-
logic paradox, du Toit moved the Gondwana continents
to the South Pole and brought the northern continents
together such that the coal deposits were located at the
equator. He named this northern landmass Laurasia. It
consisted of present-day North America, Greenland, Eu-
rope, and Asia (except for India).

WHAT IS THE EVIDENCE
FOR CONTINENTAL
DRIFT?

hat then was the evidence Wegener, du
Toit, and others used to support the hy-
pothesis of continental drift? It includes
the fit of the shorelines of continents, the appearance
of the same rock sequences and mountain ranges of the
same age on continents now widely separated, the
matching of glacial deposits and
paleoclimatic zones, and the simi-
larities of many extinct plant and
animal groups whose fossil re-
mains are found today on widely
separated continents.

Continental Fit

Wegener, like some before him,
was impressed by the close resem-
blance of the coastlines of conti-
nents on opposite sides of the
Atlantic Ocean, particularly South
America and Africa. He cited these
similarities as partial evidence that
the continents were at one time
joined together as a superconti-
nent that subsequently split apart.
As his critics pointed out, though,
the configuration of coastlines re-
sults from erosional and deposi-
tional processes and therefore is
continually being modified. So
even if the continents had sepa-



WHAT IS THE EVIDENCE FOR CONTINENTAL DRIFT? 31

rated during the Mesozoic Era, as Wegener proposed, it
is not likely that the coastlines would fit exactly.

A more realistic approach is to fit the continents to-
gether along the continental slope where erosion would
be minimal. In 1965 Sir Edward Bullard, an English
geophysicist, and two associates showed that the best fit
between the continents occurs at a depth of about 2000
m (M Figure 2.3). Since then, other reconstructions using
the latest ocean basin data have confirmed the close fit be-

tween continents when they are reassembled to form Pan- North .
gaea America Alfrica

Greenland

Eurasia
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and Mountain Ranges India

If the continents were at one time joined, then the rocks Antarctica
and mountain ranges of the same age in adjoining loca-
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Such is the case for the Gondwana continents (M Fig- P
ure 2.4). Marine, nonmarine, and glacial rock sequences
of Pennsylvanian to Jurassic age are almost identical for
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Marine, nonmarine, and glacial rock sequences of Pennsylvanian to Jurassic age are nearly the same for all Gondwana continents. Such close

similarit stron%Ig suggests that they were joined at gne time. The range indicated by G is that of the Glossopteris flora. Source: From
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Robert J.Foster, General Geology, 4th Edition, © 1990 R&printe

o by permission from Pearson Education, Inc., Upper Saddle River, NJ.
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tain ranges seemingly end at the coastline of one conti-
nent only to apparently continue on another continent
across the ocean. The folded Appalachian Mountains of
North America, for example, trend northeastward
through the eastern United States and Canada and ter-
minate abruptly at the Newfoundland coastline. Moun-
tain ranges of the same age and deformational style occur
in eastern Greenland, Ireland, Great Britain, and Nor-
way. Even though these mountain ranges are currently
separated by the Atlantic Ocean, they form an essentially
continuous mountain range when the continents are po-
sitioned next to each other (M Figure 2.5).

Glacial Evidence

During the Late Paleozoic Era, massive glaciers covered
large continental areas of the Southern Hemisphere.
Evidence for this glaciation includes layers of till (sedi-
ments deposited by glaciers) and striations (scratch
marks) in the bedrock beneath the till. Fossils and sedi-
mentary rocks of the same age from the Northern Hemi-
sphere, however, give no indication of glaciation. Fossil
plants found in coals indicate that the Northern Hemi-
sphere had a tropical climate during the time that the
Southern Hemisphere was glaciated.

All the Gondwana continents except Antarctica are
currently located near the equator in subtropical to trop-
ical climates. Mapping of glacial striations in bedrock in
Australia, India, and South America indicates that the
glaciers moved from the areas of the present-day oceans
onto land. This would be highly unlikely because large
continental glaciers (such as occurred on the Gondwana
continents during the Late Paleozoic Era) flow outward
from their central area of accumulation toward the sea.

South America

Australi

(a)

For more Cengage Learning textbooks, visit www.cengagebrain.co.uk

Greenland Norway
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M Figure 2.5

When continents are brought together, their mountain ranges form
a single continuous range of the same age and style of deformation
throughout. Such evidence indicates that the continents were at
one time joined and were subsequently separated.

If the continents did not move during the past, one
would have to explain how glaciers moved from the
oceans onto land and how large-scale continental glaci-
ers formed near the equator. But if the continents are re-
assembled as a single landmass with South Africa located
at the south pole, the direction of movement of Late Pa-
leozoic continental glaciers makes sense (M Figure 2.6).

M Figure 2.6

(a) If the Gondwana continents
are moved together so that
South Africa is located at the
South Pole, the glacial
movements indicated by the
striations (red arrows) makes
sense. In this situation, the
glacier (white area), located in
a polar climate, moved radially
outward from a thick central
area toward its periphery.

(b) Permian-aged glacial
striations in bedrock exposed
at Hallet's Cove, Australia,
indicate the direction of glacial
movement more than 200

(b) million years ago.

Scott Katz
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Some of the animals and plants whose fossils are found today on the widely separated continents of South America, Africa, India, Australia, and
Antarctica. These continents were joined during the Late Paleozoic to form Gondwana, the southern landmass of Pangaea. Glossopteris and similar
plants are found in Pennsylvanian- and Permian-aged deposits on all five continents. Mesosaurus is a freshwater reptile whose fossils are found in
Permian-aged rocks in Brazil and South Africa. Cynognathus and Lystrosaurus are land reptiles that lived during the Early Triassic Period. Fossils of
Cynognathus are found in South America and Africa, and fossils of Lystrosaurus have been recovered from Africa, India, and Antarctica. Source:

Modified from E. H. Colbert, Wandering Lands and Animals (1973): 72, Figure 31.

Furthermore, this geographic arrangement places the
northern continents nearer the tropics, which is consistent
with the fossil and climatologic evidence from Laurasia.

Fossil Evidence

Some of the most compelling evidence for continental
drift comes from the fossil record (B Figure 2.7). Fossils
of the Glossopteris flora are found in equivalent Pennsyl-
vanian- and Permian-aged coal deposits on all five Gond-
wana continents. The Glossopteris flora is characterized by
the seed fern Glossopteris (Figure 2.1) as well as by many
other distinctive and easily identifiable plants. Pollen and
spores of plants can be dispersed over great distances by
wind, but Glossopteris-type plants produced seeds that are
too large to have been carried by winds. Even if the seeds
had floated across the ocean, they probably would not have
remained viable for any length of time in saltwater.

The present-day climates of South America, Africa,
India, Australia, and Antarctica range from tropical to
polar and are much too diverse to support the type of
plants in the Glossopteris flora. Wegener therefore rea-
soned that these continents must once have been joined
so that these widely separated localities were all in the
same latitudinal climatic belt (Figure 2.7).

The fossil remains of animals also provide strong ev-
idence for continental drift. One of the best examples is
Mesosaurus, a freshwater reptile whose fossils are found
in Permian-aged rocks in certain regions of Brazil and
South Africa and nowhere else in the world (Figures 2.7
and M 2.8). Because the physiologies of freshwater and ma-
rine animals are completely different, it is hard to imagine
how a freshwater reptile could have swum across the At-
lantic Ocean and found a freshwater environment nearly
identical to its former habitat. Moreover, if Mesosaurus
could have swum across the ocean, its fossil remains
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M Figure 2.8

Mesosaurus, a Permian-aged freshwater reptile whose fossil
remains are found in Brazil and South Africa, indicates that these
two continents were joined at the end of the Paleozoic Era.

should be widely dispersed. It is more logical to assume
that Mesosaurus lived in lakes in what are now adjacent
areas of South America and Africa, but that were then part
of a single continent.

Lystrosaurus and Cynognathus are both land-
dwelling reptiles that lived during the Triassic Period;
their fossils are found only on the present-day continen-
tal fragments of Gondwana (Figure 2.7). Because they
are both land animals, they certainly could not have
swum across the oceans that currently separate the
Gondwana continents. Therefore, the continents must
once have been connected.
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Notwithstanding all of the empirical evidence pre-
sented by Wegener and later by du Toit and others, most
geologists simply refused to entertain the idea that con-
tinents might have moved in the past. The geologists
were not necessarily being obstinate about accepting
new ideas; rather, they found the evidence for continen-
tal drift inadequate and unconvincing. In part, this was
because no one could provide a suitable mechanism to
explain how continents could move over Earth’s surface.
Not until new evidence from studies of Earth’s magnetic
field and oceanographic research showed that the ocean
basins were geologically young features did interest in
continental drift revive.

PALEOMAGNETISM
AND POLAR WANDERING

s a result of new evidence from paleomag-

netic studies, interest in continental drift re-

vived during the 1950s. Paleomagnetism is
the remanent magnetism in ancient rocks recording the
direction and intensity of Earth’s magnetic poles at the
time of the rock’s formation. Earth can be thought of as
a giant dipole magnet in which the magnetic poles es-
sentially coincide with the geographic poles (B Figure
2.9). Such an arrangement means that the strength of the
magnetic field is not constant, but varies, being weakest at
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(a) Earth’s magnetic field has lines of force just like those of a bar magnet. (b) The strength of the magnetic field changes uniformly from the
magnetic equator to the magnetic poles. This change in strength causes a dip needle to parallel Earth’s surface only at the magnetic
equator, whereas its inclination with respect to the surface increases to 90 degrees at the magnetic poles.
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the equator and strongest at the poles. Earth’s magnetic
field is thought to result from the different rotation speeds
of the outer core and mantle.

When magma cools, the magnetic iron-bearing min-
erals align themselves with Earth’s magnetic field,
recording both its direction and strength. The tempera-
ture at which iron-bearing minerals gain their magneti-
zation is called the Curie point. As long as the rock is
not subsequently heated above the Curie point, it will
preserve that remanent magnetism. Thus an ancient lava
flow provides a record of the orientation and strength of
Earth’s magnetic field at the time the lava flow cooled.

As paleomagnetic research progressed during the
1950s, some unexpected results emerged. When geolo-
gists measured the paleomagnetism of geologically re-
cent rocks, they found it was generally consistent with
Earth’s current magnetic field. The paleomagnetism of
ancient rocks, though, showed different orientations.
For example, paleomagnetic studies of Silurian lava
flows in North America indicated that the north mag-
netic pole was located in the western Pacific Ocean at
that time, whereas the paleomagnetic evidence from
Permian lava flows pointed to yet another location in
Asia. When plotted on a map, the paleomagnetic read-
ings of numerous lava flows from all ages in North Amer-
ica trace the apparent movement of the magnetic pole
through time (M Figure 2.10). This paleomagnetic evi-

Cretaceous
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paleomagnetic
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M Figure 2.10

The apparent paths of polar wandering for North America and
Europe. The apparent location of the north magnetic pole is shown
for different periods on each continent’s polar wandering path.
Source: From A. Cox and R. R. Doell, “Review of Paleomagnetism,”

G. S. A. Bulletin, vol. 71, figure 33, page 758, with permission of the publisher,
the Geological Society of America, Boulder, Colorado. USA. Copyright ©
1955 Geological Society of America.

dence from a single continent could be interpreted in three
ways: The continent remained fixed and the north mag-
netic pole moved; the north magnetic pole stood still and
the continent moved; or both the continent and the north
magnetic pole moved.

Upon analysis, magnetic minerals from European
Silurian and Permian lava flows pointed to a different
magnetic pole location from those of the same age from
North America (Figure 2.10). Furthermore, analysis of
lava flows from all continents indicated that each conti-
nent had its own series of magnetic poles. Does this
mean there were different north magnetic poles for each
continent? That would be highly unlikely and difficult to
reconcile with the theory accounting for Earth’s mag-
netic field.

The best explanation for such data is that the mag-
netic poles have remained near their present locations
at the geographic north and south poles and the conti-
nents have moved. When the continental margins are
fitted together so that the paleomagnetic data point to
only one magnetic pole, we find, just as Wegener did,
that the rock sequences and glacial deposits match, and
that the fossil evidence is consistent with the recon-
structed paleogeography.

HOW DO MAGNETIC
REVERSALS RELATE TO
SEAFLOOR SPREADING?

eologists refer to Earth’s present magnetic

field as being normal—that is, with the north

and south magnetic poles located approxi-
mately at the north and south geographic poles. At vari-
ous times in the geologic past, Earth’s magnetic field
has completely reversed. The existence of such mag-
netic reversals was discovered by dating and determin-
ing the orientation of the remanent magnetism in lava
flows on land (B Figure 2.11).

Once their existence was well established for conti-
nental lava flows, magnetic reversals were also discov-
ered in igneous rocks of the oceanic crust as part of the
extensive mapping of the ocean basins during the 1960s
(M Figure 2.12). Although the cause of magnetic reversals
is still uncertain, their occurrence in the geologic record is
well documented.

Besides the discovery of magnetic reversals, map-
ping of the ocean basins also revealed a ridge system
65,000 km long, constituting the most extensive moun-
tain range in the world. Perhaps the best-known part of
the ridge system is the Mid-Atlantic Ridge, which divides
the Atlantic Ocean basin into two nearly equal parts (H
Figure 2.13).

As a result of oceanographic research conducted
during the 1950s, Harry Hess of Princeton University
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M Figure 2.11

Magnetic reversals recorded in a succession of lava flows are shown diagrammatically by red
arrows, and the record of normal polarity events is shown by black arrows.

suggested that the seafloor separates
at oceanic ridges where new crust is
formed by upwelling magma. As the
magma cools, the newly formed
oceanic crust moves laterally away
from the ridge.

As a mechanism to drive this sys-
tem, Hess revived the idea of ther-
mal convection cells in the mantle;
that is, hot magma rises from the
mantle, intrudes along fractures
along oceanic ridges and thus forms
new crust. Cold crust is subducted
back into the mantle at oceanic
trenches, where it is heated and re-
cycled, thus completing a thermal
convection cell (see Figure 1.9).

How could Hess’s hypothesis be
confirmed? Magnetic surveys of the
oceanic crust revealed striped mag-
netic anomalies (deviations from
the average strength of Earth’s mag-
netic field) in the rocks that were

proposed the theory of seafloor spreading in 1962 to  both parallel to and symmetric with the oceanic ridges
account for continental movement. Hess suggested that ~ (Figure 2.12). Furthermore, the pattern of oceanic mag-
continents do not move across oceanic crust, but rather =~ netic anomalies matched the pattern of magnetic rever-
that the continents and oceanic crust move together. He  sals already known from studies of continental lava flows

Image not available due to copyright restrictions
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(Figure 2.11). When magma wells up and cools along a
ridge summit, it records Earth’s magnetic field at that
time as either normal or reversed. As new crust forms at
the summit, the previously formed crust moves laterally
away from the ridge. These magnetic stripes, represent-
ing times of normal or reversed polarity, are parallel to
and symmetrical around oceanic ridges (where up-
welling magma forms new oceanic crust), conclusively
confirming Hess’s theory of seafloor spreading.

One of the consequences of the seafloor spreading
theory is its confirmation that ocean basins are geologically
young features whose openings and closings are partially
responsible for continental movement (M Figure 2.14). Ra-
diometric dating reveals that the oldest oceanic crust is less
than 180 million years old, whereas the oldest continental
crust is 3.96 billion years old. Although geologists do not uni-
versally accept the idea of thermal convection cells as a driv-
ing mechanism for plate movement, most accept that plates
are created at oceanic ridges and destroyed at deep-sea
trenches, regardless of the driving mechanism involved.

Deep-Sea Drilling and the Confirmation
of Seafloor Spreading
For many geologists, the paleomagnetic data amassed

in support of continental drift and seafloor spreading
were convincing. Results from the Deep Sea Drilling

Project (see Chapter 9) have
confirmed the interpretations
made from earlier paleomag-
netic studies.

According to the seafloor
spreading hypothesis, oceanic
crust is continuously forming at
mid-oceanic ridges, moves away
from these ridges by seafloor
spreading, and is consumed at
subduction zones. If this is the
case, then oceanic crust should
be youngest at the ridges and be-
come progressively older with in-
creasing distance away from
them. Moreover, the age of the
oceanic crust should be symmet-
rically distributed about the
ridges. As we have just noted,
paleomagnetic data confirm
these statements. Furthermore,
fossils from sediments overlying
the oceanic crust and radiomet-
ric dating of rocks found on
oceanic islands substantiate this
predicted age distribution.

Sediments in the open
ocean accumulate, on average,
at a rate of less than 0.3 cm per
1000 years. If the ocean basins
were as old as the continents, we
would expect deep-sea sediments to be several kilome-
ters thick. However, data from numerous drill holes in-
dicate that deep-sea sediments are at most only a few
hundred meters thick and are thin or absent at oceanic
ridges. Their near-absence at the ridges should come as
no surprise because these are the areas where new crust
is continuously produced by volcanism and seafloor
spreading. Accordingly, sediments have had little time to
accumulate at or very close to spreading ridges where
the oceanic crust is young, but their thickness increases
with distance away from the ridges (M Figure 2.15).

WHY IS PLATE TECTONICS
A UNIFYING THEORY?

late tectonic theory is based on a simple
model of Earth. The rigid lithosphere, consist-
ing of both oceanic and continental crust, as
well as the underlying upper mantle, consists of numer-
ous variable-sized pieces called plates (B Figure 2.16).
The plates vary in thickness; those composed of upper
mantle and continental crust are as much as 250 km thick,

whereas those of upper mantle and oceanic crust are up
to 100 km thick.
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- Pleistocene to Recent (0—1.6 MYA)
|:| Pliocene (1.6-5 mva)

|:| Miocene (5—24 mya)

- Oligocene (24-37 mya)

- Eocene (37-58 mya)

M Figure 2.14

/

- Paleocene (58—66 Mmya)

|:| Late Cretaceous (66—88 MyA)
[ Middle Cretaceous (88118 mva)
- Early Cretaceous (118—144 mya)
- Late Jurassic (144-161 Mya)

The age of the world’s ocean basins established from magnetic anomalies demonstrates that the youngest oceanic crust is adjacent to the
spreading ridges and that its age increases away from the ridge axis. Source: From Larson, R. L., et al. (1985). The Bedrock Geology of the
World, W. H. Freeman and Co., New York, NY.

The lithosphere overlies the hotter and weaker semi-
plastic asthenosphere. It is thought that movement re-
sulting from some type of heat-transfer system within
the asthenosphere causes the overlying plates to move.
As plates move over the asthenosphere, they separate,

M Figure 2.15

The total thickness of deep-sea
sediments increases away from
oceanic ridges. This is because
oceanic crust becomes older away
from oceanic ridges, and there has
been more time for sediment to

Deep-sea——
sediments

(//

mostly at oceanic ridges; in other areas such as at
oceanic trenches, they collide and are subducted back
into the mantle.

An easy way to visualize plate movement is to think
of a conveyer belt moving luggage from an airplane’s

Oceanic ridge

Oceanic crust
/

\

Total thickness of sediment
increases away from
| oceanic ridge
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A map of the world showing the plates, their boundaries, relative motion and rates of movement in centimeters per year, and hot spots.

What Would You Do

You've been selected to be part of the first astronaut
team to go to Mars. While your two fellow crew mem-
bers descend to the Martian surface, you'll be staying
in the command module and circling the Red Planet.
As part of the geologic investigation of Mars, one of
the crew members will be mapping the geology
around the landing site and deciphering the geologic
history of the area. Your job will be to observe and
photograph the planet’s surface and try to determine
whether Mars had an active plate tectonic regime in
the past and whether there is current plate movement.
What features would you look for, and what evidence
might reveal current or previous plate activity?

cargo hold to a baggage cart. The conveyer belt repre-
sents convection currents within the mantle, and the
luggage represents Earth’s lithospheric plates. The lug-
gage is moved along by the conveyer belt until it is
dumped into the baggage cart in the same way plates are
moved by convection cells until they are subducted into
Earth’s interior. Although this analogy allows you to vi-
sualize how the mechanism of plate movement takes
place, remember that this analogy is limited. The major

For méiendeHgage isethatg walibskshasluggagenplatesamaaasit of

continental and oceanic crust, which have different den-
sities, and only oceanic crust is subducted into Earth’s
interior. Nonetheless, this analogy does provide an easy
way to visualize plate movement.

Most geologists accept plate tectonic theory, in part
because the evidence for it is overwhelming and it ties
together many seemingly unrelated geologic features
and events and shows how they are interrelated. Conse-
quently, geologists now view such geologic processes as
mountain building, seismicity, and volcanism from the
perspective of plate tectonics. Furthermore, because all
of the inner planets have had a similar origin and early
history, geologists are interested in determining whether
plate tectonics is unique to Earth or whether it operates
in the same way on other planets (see “Tectonics of the
Terrestrial Planets” on pages 40 and 41).

The Supercontinent Cycle

As a result of plate movement, all the continents came to-
gether to form the supercontinent Pangaea by the end of
the Paleozoic Era. Pangaea began fragmenting during the
Triassic Period and continues to do so, thus accounting
for the present distribution of continents and ocean
basins. It has been proposed that supercontinents consist-
ing of all or most of Earth’s landmasses form, break up,
and re-form in a cycle spanning about 500 million years.

The supercontinent cycle hypothesis is an expansion on
the ideas of the Canadian geologist J. Tuzo Wilson. During
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history involving accretion, differentiation into a metallic core and silicate mantle and crust, and
formation of an early atmosphere by outgassing. Their early history was also marked by widespread
volcanism and meteorite impacts, both of which helped modify their surfaces.

Whereas the other three terrestrial ¢
planets as well as some of the Jovian A color-enhanced photomosaic of
) . s Mercury shows its heavily cratered
moons display internal activity, Earth surface, which has changed very
appears to be unique in that its surface little since its early history.

is broken into a series of plates.

Images of Mercury sent back by
Mariner 10 show a heavily cratered
surface with the largest impact basins
filled with what appear to be lava flows
similar to the lava plains on Earth's Moon.
The lava plains are not deformed, however,
indicating that there has been little or no
tectonic activity. JPL/ NASA
Another feature of Mercury's surface is a large number of
scarps, a feature usually associated with earthquake activity. Yet, some
scientists think that these scarps formed when Mercury cooled and contracted.

Courtesy of Victor Royer

Seven scarps (indicated by
arrows) can clearly be seen in this
image. These scarps might have
formed when Mercury cooled and
contracted early in its history.

Of all the planets, Venus is the most similar in size and mass to Earth, but it
differs in most other respects. Whereas Earth is dominated by plate
tectonics, volcanism seems to have been the dominant force in the
evolution of the Venusian surface. Even though no active volcanism
has been observed on Venus, the various-sized volcanic features and
what appear to be folded mountains indicate a once-active planetary
interior. All of these structures appear to be the products of rising
convection currents of magma pushing up under the crust and then
sinking back into the Venusian interior.

Arrows point to a 600-km
segment of Venus’s 6800-km

A long Baltis Vallis, the longest
color- known lava flow channel in
enhanced our solar system.

photomosaic of Venus based on radar
images beamed back to Earth by the
Magellan spacecraft. This image
shows impact craters and volcanic
features characteristic of the planet.

JPL/ NASA

Venus’s Aine Corona, about 200 km in diameter, is ringed by
concentric faults, suggesting that it was pushed up by rising
magma. A network of fractures is visible in the upper right of this
image as well as a recent lava flow at the center of the corona,
several volcanic domes in the lower portion of the image, and a
large volcanic pancake dome in the upper left of the image.

NASA
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the early 1970s, Wilson proposed a cycle (now known as
the Wilson cycle) that includes continental fragmentation,
the opening and closing of an ocean basin, and reassembly
of the continent. According to the supercontinent cycle hy-
pothesis, heat accumulates beneath a supercontinent be-
cause rocks of continents are poor conductors of heat. As a
result of the heat accumulation, the supercontinent domes
upward and fractures. Basaltic magma rising from below
fills the fractures. As a basalt-filled fracture widens, it be-
gins subsiding and forms a long narrow ocean such as the
present-day Red Sea. Continued rifting eventually forms
an expansive ocean basin such as the Atlantic.

One of the most convincing arguments for proponents
of the supercontinent cycle hypothesis is the “surprising
regularity” of mountain building caused by compression
during continental collisions. These mountain-building
episodes occur about every 400 to 500 million years and
are followed by an episode of rifting about 100 million
years later. In other words, a supercontinent fragments
and its individual plates disperse following a rifting
episode, an interior ocean forms, and then the dispersed
fragments reassemble to form another supercontinent.

The supercontinent cycle is yet another example of how
interrelated the various systems and subsystems of Earth
are and how they operate over vast periods of geologic time.

WHAT ARE THE THREE
TYPES OF PLATE
BOUNDARIES?

ecause it appears that plate tectonics has oper-
ated since at least the Proterozoic Eon, it is im-
portant that we understand how plates move

Table 2.1

Types of Plate Boundaries

Type Example
Divergent
Oceanic Mid-Atlantic Ridge
Continental East African Rift Valley
Convergent

Oceanic—oceanic Aleutian Islands

Oceanic—continental Andes

Continental-continental Himalayas

Transform San Andreas fault
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and interact with each other and how ancient plate
boundaries are recognized. After all, the movement of
plates has profoundly affected the geologic and biologic
history of this planet.

Geologists recognize three major types of plate
boundaries: divergent, convergent, and transform (Table
2.1). Along these boundaries new plates are formed, are
consumed, or slide laterally past one another. Interac-
tion of plates at their boundaries accounts for most of
Earth’s volcanic eruptions and earthquakes as well as
the formation and evolution of its mountain systems.

Divergent Boundaries

Divergent plate boundaries or spreading ridges occur
where plates are separating and new oceanic litho-
sphere is forming. Divergent boundaries are places
where the crust is extended, thinned, and fractured as
magma, derived from the partial melting of the mantle,
rises to the surface. The magma is almost entirely
basaltic and intrudes into vertical fractures to form
dikes and pillow lava flows (see Figure 5.7). As succes-
sive injections of magma cool and solidify, they form
new oceanic crust and record the intensity and orienta-
tion of Earth’s magnetic field (Figure 2.12). Divergent
boundaries most commonly occur along the crests of
oceanic ridges—for example, the Mid-Atlantic Ridge.
Oceanic ridges are thus characterized by rugged topog-
raphy with high relief resulting from displacement of
rocks along large fractures, shallow-focus earthquakes,
high heat flow, and basaltic flows or pillow lavas.
Divergent plate boundaries are also present under
continents during the early stages of continental
breakup (M Figure 2.17). When magma wells up beneath
a continent, the crust is initially elevated, stretched, and
thinned, producing fractures and rift valleys (Figure 2.17a).

Landforms Volcanism
Mid-oceanic ridge with axial Basalt

rift valley

Rift valley Basalt and rhyolite,

no andesite

Volcanic island arc, offshore Andesite
oceanic trench

Offshore oceanic trench, Andesite
volcanic mountain

chain, mountain belt

Mountain belt Minor
Fault valley Minor
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History of a divergent plate boundary. (a) Rising magma beneath a continent pushes the crust up, producing numerous cracks and
fractures. (b) As the crust is stretched and thinned, rift valleys develop and lava flows onto the valley floors. (c) Continued spreading
further separates the continent until a narrow seaway develops. (d) As spreading continues, an oceanic ridge system forms and an ocean

basin develops and grows.

During this stage, magma typically intrudes into the faults
and fractures, forming sills, dikes, and lava flows; the latter
often cover the rift valley floor (Figure 2.17b). The East
African Rift Valley is an excellent example of this stage of
continental breakup (M Figure 2.18).

As spreading proceeds, some rift valleys will con-
tinue to lengthen and deepen until the continental
crust eventually breaks and a narrow linear sea is
formed, separating two continental blocks (Figure
2.17¢). The Red Sea separating the Arabian Peninsula
from Africa is a good example of this stage of rifting
(Figure 2.18a).

As a newly formed narrow sea continues to enlarge
it may eventually become an expansive ocean basin such
as the Atlantic Ocean basin is today, separating North

For mere € Saugb LAmaricextbosks BasropenadedgAdsiraino thou-

sands of kilometers (Figure 2.17d). The Mid-Atlantic
Ridge is the boundary between these diverging plates;
the American plates are moving westward, and the
Eurasian and African plates are moving eastward.

An Example of Ancient Rifting What features in the
geologic record can geologists use to recognize ancient
rifting? Associated with regions of continental rifting
are faults, dikes, sills, lava flows, and thick sedimentary
sequences within rift valleys. The Triassic fault basins
of the eastern United States are a good example of an-
cient continental rifting (see Figure 22.7). These fault
basins mark the zone of rifting that occurred when
North America split apart from Africa. The basins con-
tain thousands of meters of continental sediment and
are riddled with dikes and sills (see Chapter 22).
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(a)

Convergent Boundaries

Whereas new crust forms at divergent plate boundaries,
older crust must be destroyed and recycled in order for
the entire surface area of Earth to remain the same.
Otherwise, we would have an expanding Earth. Such
plate destruction occurs at convergent plate boundaries
where two plates collide and the leading edge of one plate
is subducted beneath the margin of the other plate and
eventually incorporated into the asthenosphere.

Convergent boundaries are characterized by defor-
mation, volcanism, mountain building, metamor-
phism, earthquake activity, and important mineral
deposits. Three types of convergent plate boundaries
are recognized: oceanic—oceanic, oceanic—continental,
and continental—continental.

Image not available due to copyright restrictions

M Figure 2.18

(a) The East African Rift Valley is being formed by the separation of
eastern Africa from the rest of the continent along a divergent plate
boundary. The Red Sea represents a more advanced stage of
rifting, in which two continental blocks are separated by a narrow
sea.

Oceanic—Oceanic Boundaries When two oceanic
plates converge, one is subducted beneath the other
along an oceanic—oceanic plate boundary (M Figure
2.19). The subducting plate bends downward to form the
outer wall of an oceanic trench. A subduction complex, com-
posed of wedge-shaped slices of highly folded and faulted
marine sediments and oceanic lithosphere scraped off the
descending plate, forms along the inner wall of the oceanic
trench. As the subducting plate descends into the mantle, it
is heated and partially melted, generating magma commonly
of andesitic composition. This magma is less dense than the
surrounding mantle rocks and rises to the surface of the
nonsubducted plate to form a curved chain of volcanic is-
lands called a volcanic island arc (any plane intersecting a
sphere makes an arc). This arc is nearly parallel to the
oceanic trench and is separated from it by a distance of up
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Oceanic—oceanic plate boundary. (a) An oceanic trench forms where one oceanic plate is subducted beneath another. On the nonsubducted

plate, a volcanic island arc forms from the rising magma generated from the subducting plate. (b) Satellite image of Japan. The Japanese Islands

are a volcanic island arc resulting from the subduction of one oceanic plate beneath another oceanic plate.

to several hundred kilometers—the distance depends on the
angle of dip of the subducting plate (Figure 2.19).

In those areas where the rate of subduction is faster
than the forward movement of the overriding plate, the
lithosphere on the landward side of the volcanic island
arc may be subjected to tensional stress and stretched
and thinned, resulting in the formation of a back-arc
basin. This back-arc basin may grow by spreading if
magma breaks through the thin crust and forms new
oceanic crust (Figure 2.19). A good example of a back-
arc basin associated with an oceanic—oceanic plate
boundary is the Sea of Japan between the Asian conti-
nent and the islands of Japan.

Most present-day active volcanic island arcs are in
the Pacific Ocean basin and include the Aleutian Islands,
the Kermadec-Tonga arc, and the Japanese (Figure 2.19b)
and Philippine Islands. The Scotia and Antillean
(Caribbean) island arcs are in the Atlantic Ocean basin.

Oceanic-Continental Boundaries  When an oceanic
and a continental plate converge, the denser oceanic
plate is subducted under the continental plate along an
oceanic—continental plate boundary (B Figure 2.20).
Just as at oceanic—oceanic plate boundaries, the descend-
ing oceanic plate forms the outer wall of an oceanic
trench.

The magma generated by subduction rises beneath
the continent and either crystallizes as large plutons be-
fore reaching the surface or erupts at the surface to pro-
duce a chain of andesitic volcanoes (also called a volcanic
arc). An excellent example of an oceanic—continental

plate boundary is the Pacific Coast of South America
where the oceanic Nazca plate is currently being sub-
ducted under South America (Figure 2.16). The
Peru—Chile Trench marks the site of subduction, and the
Andes Mountains are the resulting volcanic mountain
chain on the nonsubducting plate.

Continental-Continental Boundaries Two conti-
nents approaching each other are initially separated by an
ocean floor that is being subducted under one continent.
The edge of that continent displays the features charac-
teristic of oceanic—continental convergence. As the ocean
floor continues to be subducted, the two continents come
closer together until they eventually collide. Because con-
tinental lithosphere, which consists of continental crust
and the upper mantle, is less dense than oceanic litho-
sphere (oceanic crust and upper mantle), it cannot sink
into the asthenosphere. Although one continent may
partly slide under the other, it cannot be pulled or pushed
down into a subduction zone (M Figure 2.21).

When two continents collide, they are welded together
along a zone marking the former site of subduction. At this
continental-continental plate boundary, an interior
mountain belt is formed consisting of deformed sediments
and sedimentary rocks, igneous intrusions, metamorphic
rocks, and fragments of oceanic crust. In addition, the en-
tire region is subjected to numerous earthquakes. The Hi-
malayas in central Asia, the world’s highest mountain
system, resulted from the collision between India and Asia
that began 40 to 50 million years ago and is still continu-
ing (see Chapter 10).
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Oceanic—continental plate boundary. (a) When an oceanic plate is subducted beneath a continental plate, an andesitic volcanic mountain
range is formed on the continental plate as a result of rising magma. (b) Aerial view of the Andes Mountains in Peru. The Andes are one of
the best examples of continuing mountain building at an oceanic-continental plate boundary.

Recognizing Ancient Convergent Plate Boundaries
How can former subduction zones be recognized in the ge-
ologic record? Igneous rocks provide one clue. The magma
erupted at the surface, forming island arc volcanoes and
continental volcanoes, is of andesitic composition. Another
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Oceanic crust
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i Upper
Continental et
crust
Magma
Asthenosphere
(a)
= I
&) B Active Figure 2.21

clue can be found in the zone of intensely deformed rocks
between the deep-sea trench where subduction is taking
place and the area of igneous activity. Here, sediments and
submarine rocks are folded, faulted, and metamorphosed
into a chaotic mixture of rocks termed a mélange.

NASA

Continental-continental plate boundary. (a) When two continental plates converge, neither is subducted because of their great thickness
and low and equal densities. As the two continental plates collide, a mountain range is formed in the interior of a new and larger continent.
(b) Vertical view of the Himalayas, the highest mountain system in the world. The Himalayas began to form when India collided with Asia 40

to 50 million years ago.
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Ophiolites are sequences of rock on land consisting of deep-sea
sediments, oceanic crust, and upper mantle.

During subduction, pieces of oceanic lithosphere are
sometimes incorporated into the mélange and accreted
onto the edge of the continent. Such slices of oceanic crust
and upper mantle are called ophiolites (M Figure 2.22). They
consist of a layer of deep-sea sediments that include
graywackes (poorly sorted sandstones containing abundant
feldspars and rock fragments, usually in a clay-rich matrix),
black shales, and cherts. These deep-sea sediments are un-
derlain by pillow lavas, a sheeted dike complex, massive gab-
bro, and layered gabbro, all of which form the oceanic crust.
Beneath the gabbro is peridotite, which probably represents
the upper mantle. Ophiolites are key indicators of plate con-
vergence along a subduction zone.

Elongate belts of folded and faulted marine sedi-
mentary rocks, andesites, and ophiolites are found in the
Appalachians, Alps, Himalayas, and Andes Mountains.
The combination of such features is good evidence that
these mountain ranges resulted from deformation along
convergent plate boundaries.

Transform Boundaries

The third type of plate boundary is a transform plate
boundary. These mostly occur along fractures in the
seafloor, known as transform faults, where plates slide lat-
erally past one another roughly parallel to the direction
of plate movement. Although lithosphere is neither cre-
ated nor destroyed along a transform boundary, the move-
ment between plates results in a zone of intensely
shattered rock and numerous shallow-focus earthquakes.

Transform faults “transform” or change one type of
motion between plates into another type of motion. Most
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Horizontal movement between plates occurs along a transform
fault. (a) The majority of transform faults connect two oceanic ridge
segments. Note that relative motion between the plates occurs
only between the two ridges. (b) A transform fault connecting two
trenches. (c) A transform fault connecting a ridge and a trench.

commonly, transform faults connect two oceanic ridge seg-
ments, but they can also connect ridges to trenches and
trenches to trenches (M Figure 2.23). Although the majority
of transform faults are in oceanic crust and are marked by
distinct fracture zones, they may also extend into continents.



48 CHAPTER 2

PLATE TECTONICS: A UNIFYING THEORY

One of the best-known transform faults is the San
Andreas fault in California. It separates the Pacific plate
from the North American plate and connects spreading
ridges in the Gulf of California with the Juan de Fuca
and Pacific plates off the coast of northern California
(M Figure 2.24). Many of the earthquakes that affect Cali-
fornia are the result of movement along this fault.

Unfortunately, transform faults generally do not
leave any characteristic or diagnostic features except for
the obvious displacement of the rocks that they are as-
sociated with. This displacement is commonly large, on
the order of tens to hundreds of kilometers. Such large
displacements in ancient rocks can sometimes be related
to transform fault systems.

\:\/ Log into GeologyNow and select this chapter
to work through Geology Interactive activities on “Plate Bound-
aries” (click Plate Tectonics—Plate Boundaries) and “Triple Junc-
tions and Seafloor Studies” (click Plate Tectonics—Triple Junctions
and Seafloor Studies).

WHAT ARE HOT SPOTS
AND MANTLE PLUMES?

efore leaving the topic of plate boundaries, we

should mention an intraplate feature found be-

neath both oceanic and continental plates.
Hot spots are locations where stationary columns of
magma, originating deep within the mantle (mantle
plumes), slowly rise to the surface and form volcanoes
(Figure 2.16). Because the mantle plumes apparently
remain stationary (although some evidence suggests
that they might not) while the plates move over them,
the resulting hot spots leave a trail of extinct, progres-
sively older volcanoes called aseismic ridges that record
the movement of the plate.

One of the best examples of aseismic ridges and hot
spots is the Emperor Seamount—Hawaiian Island chain
(M Figure 2.25). This chain of islands and seamounts
(structures of volcanic origin rising more than 1 km above
the seafloor) extends from the island of Hawaii to the
Aleutian Trench off Alaska, a distance of some 6000 km,
and consists of more than 80 volcanic structures.

Currently, the only active volcanoes in this island
chain are the island of Hawaii and the Loihi
Seamount. The rest of the islands are extinct volcanic
structures that become progressively older toward the
north and northwest. This means that the Emperor
Seamount—Hawaiian Island chain records the direction
that the Pacific plate traveled as it moved over an ap-
parently stationary mantle plume. In this case, the Pa-
cific plate first moved in a north-northwesterly
direction and then, as indicated by the sharp bend in
the chain, changed to a west-northwesterly direction
about 43 million years ago. The reason the Pacific plate
changed directions is not known, but the shift might
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Transform plate boundary. The San Andreas fault is a transform fault
separating the Pacific plate from the North American plate.
Movement along this fault has caused numerous earthquakes. The
photograph shows a segment of the San Andreas fault as it cuts
through the Carrizo Plain, California. Source: inset, U.S.G.S.
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The Emperor Seamount-Hawaiian Island chain formed as a result of movement of the Pacific plate over a hot spot. The line of the volcanic
islands traces the direction of plate movement. The numbers indicate the ages of the islands in millions of years.

be related to the collision of India with the Asian con-
tinent at around the same time (see Figure 10.23).

HOW ARE PLATE
MOVEMENT
AND MOTION
DETERMINED?

ow fast and in what direction are Earth’s

plates moving? Do they all move at the same

rate? Rates of plate movement can be cal-
culated in several ways. The least accurate method is to
determine the age of the sediments immediately above
any portion of the oceanic crust and divide that age by
the distance from the spreading ridge. Such calcula-
tions give an average rate of movement.

A more accurate method of determining both the av-
erage rate of movement and relative motion is by dating
the magnetic anomalies in the crust of the seafloor. The
distance from an oceanic ridge axis to any magnetic
anomaly indicates the width of new seafloor that formed
during that time interval. Thus, for a given interval of
time, the wider the strip of seafloor, the faster the plate
has moved. In this way not only can the present average
rate of movement and relative motion be determined
(Figure 2.16), but the average rate of movement during
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between anomalies by the amount of time elapsed be-
tween anomalies.

Geologists not only calculate the average rate of
plate movement from magnetic anomalies but also use
them to determine plate positions at various times in the
past using magnetic anomalies. Because magnetic anom-
alies are parallel and symmetric with respect to spread-
ing ridges, all one must do to determine the position of
continents when particular anomalies formed is to move
the anomalies back to the spreading ridge, which will also
move the continents with them (M Figure 2.26). Unfortu-
nately, subduction destroys oceanic crust and the magnetic
record it carries. Thus, we have an excellent record of plate
movements since the breakup of Pangaea, but not as good
an understanding of plate movement before that time.

The average rate of movement as well as the relative
motion between any two plates can also be determined
by satellite-laser ranging techniques. Laser beams from
a station on one plate are bounced off a satellite (in geo-
synchronous orbit) and returned to a station on a differ-
ent plate. As the plates move away from each other, the
laser beam takes more time to go from the sending sta-
tion to the stationary satellite and back to the receiving
station. This difference in elapsed time is used to calcu-
late the rate of movement and relative motion between
plates.

Plate motions derived from magnetic reversals and
satellite-laser ranging techniques give only the relative
motion of one plate with respect to another. Hot spots
allow geologists to determine absolute motion because
they provide an apparently fixed reference from which the
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Reconstructing plate positions using magnetic anomalies. (a) The
present North Atlantic, showing the Mid-Atlantic Ridge and
magnetic anomaly 31, which formed 67 million years ago. (b) The
Atlantic 67 million years ago. Anomaly 31 marks the plate boundary
67 million years ago. By moving the anomalies back together, along
with the plates they are on, we reconstruct the former positions of
the continents.

rate and direction of plate movement can be measured.
The previously mentioned Emperor Seamount—Hawaiian
Island chain formed as a result of movement over a hot
spot. Thus, the line of the volcanic islands traces the di-
rection of plate movement, and dating the volcanoes en-
ables geologists to determine the rate of movement.

WHAT IS THE DRIVING
MECHANISM OF PLATE
TECTONICS?

major obstacle to the acceptance of conti-
nental drift was the lack of a driving mecha-
nism to explain continental movement.
When it was shown that continents and ocean floors
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Two models involving thermal convection cells have been proposed
to explain plate movement. (a) In one model, thermal convection
cells are restricted to the asthenosphere. (b) In the other model,
thermal convection cells involve the entire mantle.

moved together, not separately, and that new crust
formed at spreading ridges by rising magma, most ge-
ologists accepted some type of convective heat system
as the basic process responsible for plate motion. The
question still remains, however: What exactly drives
the plates?

Two models involving thermal convection cells have
been proposed to explain plate movement (M Figure 2.27).
In one model, thermal convection cells are restricted to the
asthenosphere; in the second model, the entire mantle is
involved. In both models, spreading ridges mark the ascend-
ing limbs of adjacent convection cells, and trenches are
present where convection cells descend back into Earth’s
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interior. The locations of spreading ridges and trenches are
therefore determined by the convection cells themselves,
and the lithosphere lies above the thermal convection cell.
Each plate thus corresponds to a single convection cell.

Although most geologists agree that Earth’s internal
heat plays an important role in plate movement, there
are problems with both models. The major problem as-
sociated with the first model is the difficulty in explain-
ing the source of heat for the convection cells and why
they are restricted to the asthenosphere. In the second
model, the source of heat comes from the outer core,
but it is still not known how heat is transferred from the
outer core to the mantle. Nor is it clear how convection
can involve both the lower mantle and the asthenos-
phere.

In addition to some type of thermal convection sys-
tem driving plate movement, some geologists think plate
movement occurs because of a mechanism involving
“slab-pull” or “ridge-push,” both of which are gravity-
driven but still depend on thermal differences within
Earth (M Figure 2. 28). In slab-pull, the subducting cold
slab of lithosphere, being denser than the surrounding
warmer asthenosphere, pulls the rest of the plate along as
it descends into the asthenosphere. As the lithosphere
moves downward, there is a corresponding upward flow
back into the spreading ridge.

Operating in conjuction with slab-pull is the ridge-
push mechanism. As a result of rising magma, the
oceanic ridges are higher than the surrounding oceanic
crust. It is thought that gravity pushes the oceanic
lithosphere away from the higher spreading ridges and
toward the trenches.

Currently, geologists are fairly certain that some
type of convective system is involved in plate movement,
but the extent to which other mechanisms, such as
ridge-push and slab-pull, are involved is still unresolved.
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Plate movement is also
thought to occur because of
gravity-driven “slab-pull” or
"ridge-push” mechanisms. In
slab-pull, the edge of the
subducting plate descends
into the interior, and the rest of
the plate is pulled downward.
In ridge-push, rising magma
pushes the oceanic ridges
higher than the rest of the
oceanic crust. Gravity thus
pushes the oceanic lithosphere
away from the ridges and
toward the trenches.
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However, the fact that plates have moved in the past and
are still moving today has been proven beyond a doubt.
And although a comprehensive theory of plate move-
ment has not yet been developed, more and more of the
pieces are falling into place as geologists learn more
about Earth’s interior.

HOW DOES PLATE
TECTONICS AFFECT

THE DISTRIBUTION

OF NATURAL RESOURCES?

esides being responsible for the major features

of Earth’s crust and influencing the distribu-

tion and evolution of the world’s biota, plate
movements also affect the formation and distribution
of some natural resources. Consequently, geologists
are using plate tectonic theory in their search for pe-
troleum (see Geo-Focus 2.1) and mineral deposits and
in explaining the occurrence of these natural re-
sources.

It is becoming increasingly clear that if we are to keep
up with the continuing demands of a global industrialized
society, the application of plate tectonic theory to the ori-
gin and distribution of natural resources is essential.

Mineral Deposits

Many metallic mineral deposits such as copper, gold, lead,
silver, tin, and zinc are related to igneous and associated
hydrothermal (hot water) activity, so it is not surprising
that a close relationship exists between plate boundaries
and the occurrence of these valuable deposits.
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The magma generated by partial melting of a sub-
ducting plate rises toward the surface, and as it cools, it
precipitates and concentrates various metallic ores.
Many of the world’s major metallic ore deposits are asso-
ciated with convergent plate boundaries including those
in the Andes of South America, the Coast Ranges and
Rockies of North America, Japan, the Philippines, Rus-
sia, and a zone extending from the eastern Mediter-
ranean region to Pakistan. In addition, the majority of
the world’s gold is associated with sulfide deposits located
at ancient convergent plate boundaries in such areas as
South Africa, Canada, California, Alaska, Venezuela,
Brazil, southern India, Russia, and western Australia.

The copper deposits of western North and South
America are an excellent example of the relationship be-
tween convergent plate boundaries and the distribution,
concentration, and exploitation of valuable metallic ores
(M Figure 2.29). The world’s largest copper deposits are
found along this belt. The majority of the copper deposits in
the Andes and the southwestern United States were formed
less than 60 million years ago when oceanic plates were
subducted under the North and South American plates.
The rising magma and associated hydrothermal fluids car-
ried minute amounts of copper, which was originally widely
disseminated but eventually became concentrated in the
cracks and fractures of the surrounding andesites. These
low-grade copper deposits contain from 0.2% to 2% copper
and are extracted from large open-pit mines (Figure 2.29b).

Divergent plate boundaries also yield valuable re-
sources. The island of Cyprus in the Mediterranean is

North American

Pacific

plate Caribbean

plate

South
American
plate

» Copper deposits
4dad Subduction zone
= Divergent boundary

(a)
M Figure 2.29

rich in copper and has been supplying all or part of the
world’s needs for the last 3000 years. The concentration
of copper on Cyprus formed as a result of precipitation
adjacent to hydrothermal vents along a divergent plate
boundary. This deposit was brought to the surface when
the copper-rich seafloor collided with the European
plate, warping the seafloor and forming Cyprus.

Studies indicate that minerals of such metals as cop-
per, gold, iron, lead, silver, and zinc are currently forming
as sulfides in the Red Sea. The Red Sea is opening as a re-
sult of plate divergence and represents the earliest stage in
the growth of an ocean basin (Figures 2.17c and 2.18a).

HOW DOES PLATE
TECTONICS AFFECT THE
DISTRIBUTION OF LIFE?

late tectonic theory is as revolutionary and far-

reaching in its implications for geology as the

theory of evolution was for biology when it was
proposed. Interestingly, it was the fossil evidence that
convinced Wegener, Suess, and du Toit, as well as many
other geologists, of the correctness of continental drift.
Together, the theories of plate tectonics and evolution
have changed the way we view our planet, and we
should not be surprised at the intimate association be-
tween them. Although the relationship between plate

Image not available due to copyright restrictions

(a) Important copper deposits are located along the west coasts of North and South America.
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tectonic processes and the evolution of life is incredibly
complex, paleontological data provide convincing evi-
dence of the influence of plate movement on the distri-
bution of organisms.

The present distribution of plants and animals is not
random but is controlled largely by climate and geo-
graphic barriers. The world’s biota occupy biotic
provinces, regions characterized by distinctive assem-
blages of plants and animals. Organisms within a
province have similar ecological requirements, and the
boundaries that separate provinces are therefore natural
ecological breaks. Climatic or geographic barriers are
the most common province boundaries, and these are
largely controlled by plate movements.

Because adjacent provinces usually have less than
20% of their species in common, global diversity is a di-
rect reflection of the number of provinces; the more
provinces there are, the greater the global diversity.
When continents break up, for example, the opportunity
for new provinces to form increases, with a resultant in-
crease in diversity. Just the opposite occurs when conti-
nents come together. Plate tectonics thus plays an
important role in the distribution of organisms and their
evolutionary history.

Complex interactions of wind and ocean currents
have a strong influence on the world’s climates. These
currents are influenced by the number, distribution,
topography, and orientation of continents. For example,
the southern Andes Mountains act as an effective bar-
rier to moist, easterly blowing Pacific winds, resulting in
a desert east of the southern Andes that is virtually un-
inhabitable. Temperature is one of the major limiting
factors for organisms, and province boundaries often re-
flect temperature barriers. Because atmospheric and
oceanic temperatures decrease from the equator to the
poles, most species exhibit a strong climatic zonation.
This biotic zonation parallels the world’s latitudinal at-
mospheric and oceanic circulation patterns. Changes in
climate thus have a profound effect on the distribution
and evolution of organisms.

The distribution of continents and ocean basins not
only influences wind and ocean currents, but also affects
provinciality by creating physical barriers to, or pathways
for, the migration of organisms. Intraplate volcanoes, is-
land arcs, mid-oceanic ridges, mountain ranges, and
subduction zones all result from the interaction of
plates, and their orientation and distribution strongly in-
fluence the number of provinces and hence total global
diversity. Thus, provinciality and diversity will be highest
when there are numerous small continents spread across
many zones of latitude.

When a geographic barrier separates a once-uniform
fauna, species may undergo divergence. If conditions on
opposite sides of the barrier are sufficiently different,
then species must adapt to the new conditions, migrate,
or become extinct. Adaptation to the new environment
by various species may involve enough change that new
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M Figure 2.30

(a) The Isthmus of Panama forms a barrier that divided a once-
uniform fauna. (b) Divergence of molluscan species after the
formation of the Isthmus of Panama. Each pair belongs to the same
genus but is a different species.

species eventually evolve. The marine invertebrates
found on opposite sides of the Isthmus of Panama pro-
vide an excellent example of divergence caused by the
formation of a geographic barrier. Prior to the rise of
this land connection between North and South Amer-
ica, a homogeneous population of bottom-dwelling in-
vertebrates inhabited the shallow seas of the area. After
the rise of the Isthmus of Panama by subduction of the
Pacific plate about 5 million years ago, the original pop-
ulation was divided. In response to the changing envi-
ronment, new species evolved on opposite sides of the
isthmus (M Figure 2.30).
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What Would You Do

You are part of a mining exploration team that is explor-
ing a promising and remote area of central Asia. You
know that former convergent and divergent plate
boundaries frequently are sites of ore deposits. What
evidence would you look for to determine if the area
you're exploring might be an ancient convergent or
divergent plate boundary? Is there anything you can do
before visiting the area that might help you in determin-
ing what the geology of the area is?

GEO

The formation of the Isthmus of Panama also influ-
enced the evolution of the North and South American
mammalian faunas. During most of the Cenozoic Era,
South America was an island continent, and its mam-
malian fauna evolved in isolation from the rest of the
world’s faunas. When North and South America were
connected by the Isthmus of Panama, most of the in-
digenous South American mammals were replaced by
migrants from North America. Surprisingly, only a few
South American mammal groups migrated northward.

RECAP

Chapter Summary

The concept of continental movement is not new.
The earliest maps showing the similarity between
the east coast of South America and the west coast
of Africa provided the first evidence that continents
may once have been united and subsequently sepa-
rated from each other.

Alfred Wegener is generally credited with develop-
ing the hypothesis of continental drift. He provided
abundant geologic and paleontologic evidence to
show that the continents were once united in one
supercontinent he named Pangaea. Unfortunately,
Wegener could not explain how the continents
moved, and most geologists ignored his ideas.

The hypothesis of continental drift was revived dur-
ing the 1950s when paleomagnetic studies of rocks
indicated the presence of multiple magnetic north
poles instead of just one as there is today. This
paradox was resolved by constructing a hypothetical
map and moving the continents into different posi-

tions, making the paleomagnetic data consistent
with a single magnetic north pole.

Magnetic surveys of the oceanic crust revealed
magnetic anomalies in the rocks, indicating that
Earth’s magnetic field has reversed itself in the
past. Because the anomalies are parallel and form
symmetric belts adjacent to oceanic ridges, new
oceanic crust must have formed as the seafloor was
spreading.

Seafloor spreading has been confirmed by dating
the sediments overlying the oceanic crust and by
radiometric dating of rocks on oceanic islands.
Such dating reveals that the oceanic crust becomes
older with distance from spreading ridges.

Plate tectonic theory became widely accepted by the
1970s because of the overwhelming evidence support-
ing it and because it provides geologists with a power-
ful theory for explaining such phenomena as
volcanism, earthquake activity, mountain building,
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global climatic changes, the distribution of the world’s
biota, and the distribution of mineral resources.

The supercontinent cycle indicates that all or most
of Earth’s landmasses form, break up, and re-form
in a cycle spanning about 500 million years.

Three types of plate boundaries are recognized:
divergent boundaries, where plates move away from
each other; convergent boundaries, where two
plates collide; and transform boundaries, where two
plates slide past each other.

Ancient plate boundaries can be recognized by their
associated rock assemblages and geologic struc-
tures. For divergent boundaries, these may include
rift valleys with thick sedimentary sequences and
numerous dikes and sills. For convergent bound-
aries, ophiolites and andesitic rocks are two charac-
teristic features. Transform faults generally do not
leave any characteristic or diagnostic features in the
geologic record.

The average rate of movement and relative motion
of plates can be calculated in several ways. The
results of these different methods all agree and

Important Terms

continental—continental plate
boundary (p. 45)

continental drift (p. 30)

convergent plate boundary (p. 44)

Curie point (p. 35)

divergent plate boundary (p. 42)

Glossopteris flora (p. 28)

Gondwana (p. 28)

Review Questions

1. The man credited with developing the conti-
nental drift hypothesis is
a. Wilson; b. Wegener;
c. Hess; d. du Toit;
e. Vine.

2. The name of the supercontinent that formed
at the end of the Paleozoic Era is
a. Laurasia; b. Gondwana;
c. Panthalassa; d. Atlantis;
e. Pangaea.

hot spot (p. 48)

Laurasia (p. 30)

magnetic anomaly (p. 36)

magnetic reversal (p. 35)

oceanic—continental plate
boundary (p. 45)

oceanic—oceanic plate

boundary (p. 44)

indicate that the plates move at different average
velocities.

Absolute motion of plates can be determined by the
movement of plates over mantle plumes. A mantle
plume is an apparently stationary column of magma
that rises to the surface where it becomes a hot
spot and forms a volcano.

Although a comprehensive theory of plate move-
ment has yet to be developed, geologists think that
some type of convective heat system is the major
driving force.

A close relationship exists between the formation of
some mineral deposits and petroleum, and plate
boundaries. Furthermore, the formation and distri-
bution of some natural resources are related to
plate movements.

The relationship between plate tectonic processes
and the evolution of life is complex. The distribu-
tion of plants and animals is not random, but is
controlled largely by climate and geographic barri-
ers, which are controlled, to a large extent, by the
movement of plates.

paleomagnetism (p. 34)

Pangaea (p. 30)

plate tectonic theory (p. 37)
seafloor spreading (p. 36)
thermal convection cell (p. 36)
transform fault (p. 47)
transform plate boundary (p. 47)

3. Hot spots and aseismic ridges can be used to
determine
a the location of divergent plate bound-
aries; b. the absolute motion of plates;
c. the location of magnetic anomalies in
oceanic crust; d. the relative motion of
plates; e. the location of convergent
plate boundaries.
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Subduction occurs along what type of bound-
ary?

a. divergent; b. transform;
c. convergent; d. answers a and b;
e. answers a and c.

The driving mechanism of plate movement is
thought to be

a. isostasy; b. Earth’s rotation;
c. thermal convection cells;
d. magnetism; e. polar wandering.

The San Andreas fault is an example of what
type of plate boundary?

a. divergent; b. convergent;
c. transform; d. oceanic—
continental; e. continental—

continental.

. The most common biotic province boun-

daries are

a. geographic barriers; b. biologic
barriers; c. climatic barriers;

d. answers a and b; e. answers a
and c.

. Magnetic surveys of the ocean basins indi-

cate that

a. the oceanic crust is youngest adjacent
to mid-oceanic ridges; b. the oceanic

10.

11.

crust is oldest adjacent to mid-oceanic ridges;
c. the oceanic crust is youngest adjacent
to the continents; d. the oceanic crust is
the same age everywhere; e. answers b
and c.

. Convergent plate boundaries are zones where

a._____new continental lithosphere is form-
ing; b.____ new oceanic lithosphere is

forming; c._____two plates come together;
d.____ two plates slide past
each other; e._____two plates move away

from each other.

Iron-bearing minerals in magma gain their
magnetism and align themselves with the
magnetic field when they cool through the

a. Curie point; b. magnetic anom-
aly point; c. thermal convection point;
d. hot spot point; e. isostatic point.

Using the age for each of the Hawaiian
Islands in Figure 2.25 and an atlas in which
you can measure the distance between
islands, calculate the average rate of move-
ment per year for the Pacific plate since each
island formed. Is the average rate of move-
ment the same for each island? Would you
expect it to be? Explain why it may not be.
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12. What evidence convinced Wegener that the
continents were once joined together and
subsequently broke apart?

13. Estimate the age of seafloor crust and the age
and thickness of the oldest sediment off the
East Coast of the United States (e.g.,
Virginia). In so doing, refer to Figure 2.14 for
the ages and to the deep-sea sediment accu-
mulation rate stated in this chapter.

14. How have plate tectonic processes affected
the formation and distribution of natural re-
sources?

15. If the movement along the San Andreas fault,
which separates the Pacific plate from the
North American plate, averages 5.5 cm per
year, how long will it take before Los Angeles
is opposite San Francisco?

World Wide Web Activities

@ Assess your understanding of this

chapter’s topics with additional quizzing and compre-
hensive interactivities at

hitp://earthscience.brookscole.com/changingearth4e

16.

17.

18.

19.

20.

as well as current and up-to-date weblinks, additional

Why is plate tectonics the unifying theory of
geology?

Why is some type of thermal convection sys-
tem thought to be the major force driving
plate movement?

Explain how plate tectonics affects the evolu-
tion of life.

What is the supercontinent cycle? Who pro-
posed this concept, and what kinds of geo-
logic data were needed to support such a
concept?

Explain why global diversity increases with an
increase in the number of biotic provinces.
How does plate movement affect the number
of biotic provinces?

readings, and InfoTrac College Edition exercises.




Minerals—the
Building Blocks
of Rocks



CHAPTER 3
OUTLINE

Introduction

Matter—What Is 1t?

What Are Minerals?

How Many Minerals Are There?

GEOLOGY IN UNEXPECTED PLACES: The
Queen’s Jewels

Mineral Groups Recognized by Geologists
Physical Properties of Minerals
GEO-FOCUS 3.1: Mineral Crystals

How Do Minerals Form?

What Are Rock-Forming Minerals?
Natural Resources and Reserves

Geo-Recap

Eenlngy@Nuw This icon, which appears throughout the book,
indicates an opportunity to explore interactive tutorials,
animations, or practice problems available on the GeologyNow

These black pearls valued at about $13,000 are on display at Maui Pearls
in the town of Avarua on the island of Rarotonga, which is part of the
Cook Islands in the South Pacific. Pearls are composed mostly of the
mineral aragonite. Unlike other gemstones, pearls are essentially ready
to use when found. Source: Sue Monroe

website at http://earthscience.brookscole.com/changingearth4e.

OBJECTIVES

At the end of this chapter,
you will have learned that:

All matter, including minerals, is
made up of atoms that bond to form

elements and compounds.

Geologists have a specific definition

for the term mineral.

You can distinguish minerals from
other naturally occurring and manu-

factured substances.

Minerals are incredibly varied, yet

only a few are particularly common.

Geologists use physical properties
such as color, hardness, and density
to identify minerals.

Minerals originate in various ways

and under varied conditions.

Some minerals, designated rock-
forming minerals, are particularly
common in rocks, whereas others

are found in small amounts.

Some minerals and rocks are impor-
tant natural resources that are
essential to industrialized societies.
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e commonly use the term mineral for

the dietary substances we need for

good nutrition, such as calcium, iron,

and magnesium, but these are actu-

ally chemical elements, not minerals, at least in the geologic
sense. We also know that minerals are inorganic; however, not
all inorganic substances are minerals. Water and water vapor
are inorganic, but neither is a mineral—yet ice is a mineral.
Thus minerals are solids as opposed to liquids or gases. So,
minerals are naturally occurring inorganic solids that are further
characterized as crystalline, meaning that their atoms are
arranged in a specific way. Glass, in contrast, has no such
ordered internal structure. Minerals also have a narrowly
defined chemical composition and characteristic physical
properties such as color, hardness, and density. We will exam-
ine all parts of this rather lengthy definition later in this chapter.
We cannot overstate the importance of minerals in many
human endeavors. The ore deposits we rely on to sustain our
industrialized societies are natural concentrations of minerals
and rocks. Iron ore, industrial minerals for abrasives, glass, and
cement, as well as minerals and rocks needed for animal feed
supplements and fertilizers are essential to our economic well-

M Figure 3.1

(a) Tourmaline and quartz (colorless) from the Himalaya Mine, San
Diego County, California. (b) The diamond pendant in this
necklace, housed in the Smithsonian Institution, is the 68-carat
Victoria Transvaal diamond from South Africa. (c) Even though
amber is an organic substance, it is nevertheless valued as a
semiprecious gemstone.

being. The United States and Canada owe much of their eco-
nomic success to the availability of abundant natural resources,
although they must import some important commodities, thus
accounting for political and economic ties with other nations.

One important reason to study minerals is that they are
the building blocks of rocks, so rocks, with few exceptions,
are combinations of one or more minerals. Granite, for in-
stance, is made up of specified percentages of minerals
known as quartz and feldspars along with other minerals in
minor quantities. In several of the following chapters, we will
have more to say about the importance of minerals in identi-
fying and classifying rocks.

Some minerals are attractive and eagerly sought by pri-
vate collectors and for museum displays (M Figure 3.1a). Other
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minerals are known as gemstones—that is, precious or semi-
precious minerals or rocks used for decorative purposes, espe-
cially jewelry. The precious gemstones such as diamond (Figure
3.1b), ruby, sapphire, and emerald are most desirable and most
expensive. Many people have small precious gemstones and
perhaps some semiprecious ones, such as garnet and turquoise.
The lore associated with gemstones, such as relating them to
one’s birth month, makes them even more appealing to many
people.

Amber and pearl are included among the semiprecious
gemstones, but are they really minerals? Amber is hardened
resin (sap) from coniferous trees and thus an organic sub-
stance and not a mineral, but it is nevertheless prized as a

MATTER—WHAT IS IT?

nything that has mass and occupies space is

matter. Accordingly, water, plants, animals,

the atmosphere, and minerals and rocks are
composed of matter. Physicists recognize three states or
phases of matter: liquids, gases, and solids.* Liquids,
such as surface water and groundwater, as well as at-
mospheric gases are important in our considerations of
several surface processes, such as running water and
wind, but here our main concern is with solids because
by definition minerals are solids.

Atoms and Elements

Matter is made up of chemical elements, which in turn
are composed of atoms, the smallest units of matter
that retain the characteristics of a particular element
(M Figure 3.2). That is, elements cannot be changed into
different substances except through radioactive decay (dis-
cussed in Chapter 17). Thus an element is made up of
atoms, all of which have the same properties. Scientists
have discovered 92 naturally occurring elements, some of
which are listed in Table 3.1, and several others have been
made in laboratories (see Appendix B). All naturally occur-
ring elements and most artificial ones have a name and a
symbol—for example, oxygen (O), aluminum (Al), and
potassium (K).

At the center of an atom is a tiny nucleus made up
of one or more particles known as protons, which have
a positive electrical charge, and neutrons, which are
electrically neutral (Figure 3.2). The nucleus is only
about 1/100,000 of the diameter of an atom, yet it con-
tains virtually all of the atom’s mass. Electrons, parti-

*Actually, scientists recognize a fourth state of matter known as plasma, an
ionized gas as in fluorescent and neon lights and matter in the Sun and stars.

decorative “stone” (Figure 3.1¢). It is best known from the
Baltic Sea region of Europe where sun-worshiping cultures,
noting its golden translucence resembling the Sun’s rays,
thought it possessed mystical powers. Pearls form when mol-
lusks, such as clams or oysters, deposit successive layers of
tiny mineral crystals around some irritant, perhaps a sand
grain. Most pearls are lustrous white, but some are silver
gray, green, or black (see the chapter opening photo).

From our discussion so far we have a formal definition
of the term mineral and we know that minerals are the basic
constituents of rocks. Now let's delve deeper into what min-
erals are made of by considering matter, atoms, elements,
and bonding.

cles with a negative electrical charge, orbit rapidly
around the nucleus at specific distances in one or more
electron shells. The electrons determine how an atom
interacts with other atoms, but the nucleus determines
how many electrons an atom has, because the positively
charged protons attract and hold the negatively charged
electrons in their orbits.

The number of protons in its nucleus determines an
atom’s identity and its atomic number. Hydrogen (H), for
instance, has 1 proton in its nucleus and thus has an
atomic number of 1. The nuclei of helium (He) atoms
possess 2 protons, whereas those of carbon (C) have 6,

M Figure 3.2

The structure of an atom. The dense nucleus consisting of protons
and neutrons is surrounded by a cloud of orbiting electrons.
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Table 3.1

Symbols, Atomic Numbers, and Electron Configurations
for Some of the Naturally Occurring Elements

Number of
Electrons in
Each Shell
Atomic
Element Symbol Number 1 2 3 4
Hydrogen H 1 1
Helium He 2 2
Lithium Li 3 2 1
Beryllium Be 4 2 2
Boron B 5 2 3
Carbon C 6 2 4
Nitrogen N 7 2 5
Oxygen (@) 8 2 6
Fluorine B 9 2 7
Neon Ne 10 2 8
Sodium Na 11 2 8 1
Magnesium Mg 12 2 8 2
Aluminum Al 13 2 8 3
Silicon Si 14 2 8 4
Phosphorus E 15 2 8 5
Sulfur 16 2 8 6
Chlorine Cl 17 2 8 7
Argon Ar 18 2 8 8
Potassium K 19 2 8 8 1
Calcium Ca 20 2 8 8 2
and uranium (U) 92, so their atomic numbers are 2, 6, different atomic mass numbers because the number of
and 92, respectively. Atoms also have an atomic mass  neutrons can vary. All carbon (C) atoms have 6 protons—
number, which is the sum of protons and neutrons in the otherwise they would not be carbon—but the number of
nucleus (electrons contribute negligible mass to atoms). neutrons can be 12, 13, or 14. Thus we recognize three
However, atoms of the same chemical element might have types of carbon, or what are known as isotopes (M Figure

3.3), each with a different
atomic mass number.

The isotopes of carbon,

or those of any other ele-

| ment, behave the same

chemically; carbon 12 and

@ carbon 14 are both present

in carbon dioxide (CO,), for

example. However, some

Nucleus

6p

isotopes are radioactive,
meaning that they sponta-

12C (Carbon 12) 13C (Carbon 13) 14C (Carbon 14) neously decay or change to
other elements. Carbon 14

M Figure 3.3 is radioactive, whereas both
Schematic representation of the isotopes of carbon. Carbon has an atomic number of 6 and an atomic carbon 12 and carbon 13 are

mass number of 12, 13, or 14, depending on the number of neutrons in its nucleus. not. Radioactive isotopes are
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important for determining the absolute ages of rocks (see
Chapter 17).

Bonding and Compounds

Interactions among electrons around atoms can result
in two or more atoms joining together, a process known
as bonding. If atoms of two or more elements bond, the
resulting substance is a compound. Gaseous oxygen
consists of only oxygen atoms and is thus an element,
whereas the mineral quartz, consisting of silicon and
oxygen atoms, is a compound. Most minerals are com-
pounds, although gold, platinum, and several others are
important exceptions.

To understand bonding, it is necessary to delve
deeper into the structure of atoms. Recall that negatively
charged electrons orbit the nuclei of atoms in electron
shells. With the exception of hydrogen, which has only
one proton and one electron, the innermost electron
shell of an atom contains only two electrons. The other
shells contain various numbers of electrons, but the
outermost shell never has more than eight (Table 3.1).

Transfer of electron

The electrons in the outermost shell are those that are
usually involved in chemical bonding.

Two types of chemical bonds, ionic and covalent, are
particularly important in minerals, and many minerals
contain both types of bonds. Two other types of chemi-
cal bonds, metallic and van der Waals, are much less
common but extremely important in determining the
properties of some useful minerals.

lonic Bonding Notice in Table 3.1 that most atoms
have fewer than eight electrons in their outermost elec-
tron shell. However, some elements, including neon and
argon, have complete outer shells with eight electrons;
because of this electron configuration, these elements,
known as the noble gases, do not react readily with other
elements to form compounds. Interactions among
atoms tend to produce electron configurations similar
to those of the noble gases. That is, atoms interact so
that their outermost electron shell is filled with eight
electrons, unless the first shell (with two electrons) is
also the outermost electron shell, as in helium.

One way that the noble gas configuration is at-
tained is by the transfer of
one or more electrons from
one atom to another. Com-
mon salt is composed of the
elements sodium (Na) and
chlorine (Cl); each element
is poisonous, but when com-
bined chemically they form
the compound sodium chlo-
ride (NaCl), better known as
the mineral halite. Notice in
B Figure 3.4a that sodium
has 11 protons and 11 elec-
trons; thus the positive elec-
trical charges of the protons
are exactly balanced by the

Sodium (Na™*)

negative charges of the elec-
trons, and the atom is electri-
cally neutral. Likewise,
chlorine with 17 protons and
17 electrons is electrically
neutral (Figure 3.4a). But
neither sodium nor chlorine
has 8 electrons in its outer-

most electron shell; sodium

M Figure 3.4

(a) lonic bonding. The electron in the outermost shell of sodium is transferred to the outermost
electron shell of chlorine. Once the transfer has occurred, sodium and chlorine are positively and
negatively charged ions, respectively. (b) The crystal structure of sodium chloride, the mineral
halite. The diagram on the left shows the relative sizes of sodium and chlorine ions, and the
diagram on the right shows the locations of the ions in the crystal structure.

has only 1, whereas chlorine
has 7. To attain a stable con-
figuration, sodium loses the
electron in its outermost
electron shell, leaving its next
shell with 8 electrons as the
outermost one (Figure 3.4a).
Sodium now has one fewer
electron (negative charge)
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than it has protons (positive charge), so it is an electri-
cally charged ion and is symbolized Na™.

The electron lost by sodium is transferred to the
outermost electron shell of chlorine, which had 7 elec-
trons to begin with. The addition of one more electron
gives chlorine an outermost electron shell of 8 electrons,
the configuration of a noble gas. But its total number of
electrons is now 18, which exceeds by 1 the number of
protons. Accordingly, chlorine also becomes an ion, but
it is negatively charged (Cl7). An ionic bond forms be-
tween sodium and chlorine because of the attractive
force between the positively charged sodium ion and the
negatively charged chlorine ion (Figure 3.4a).

In ionic compounds, such as sodium chloride (the
mineral halite), the ions are arranged in a three-dimen-
sional framework that results in overall electrical neu-
trality. In halite, sodium ions are bonded to chlorine ions
on all sides, and chlorine ions are surrounded by sodium
ions (Figure 3.4b).

Covalent Bonding Covalent bonds form between
atoms when their electron shells overlap and they share
electrons. For example, atoms of the same element,
such as carbon, cannot bond by transferring electrons
from one atom to another. Carbon (C), which forms the
minerals graphite and diamond, has four electrons in
its outermost electron shell (B Figure 3.5a). If these four
electrons were transferred to another carbon atom, the
atom receiving the electrons would have the noble gas con-
figuration of eight electrons in its outermost electron shell,
but the atom contributing the electrons would not.

In such situations, adjacent atoms share electrons
by overlapping their electron shells. A carbon atom in
diamond, for instance, shares all four of its outermost
electrons with a neighbor to produce a stable noble gas
configuration (Figure 3.5a).

M Figure 3.5

Covalent bonds are not restricted to substances
composed of atoms of a single kind. Among the most
common minerals, the silicates (discussed later in this
chapter), the element silicon forms partly covalent and
partly ionic bonds with oxygen.

Metallic and van der Waals Bonds Metallic bond-
ing results from an extreme type of electron sharing.
The electrons of the outermost electron shell of metals
such as gold, silver, and copper readily move about from
one atom to another. This electron mobility accounts
for the fact that metals have a metallic luster (their ap-
pearance in reflected light), provide good electrical and
thermal conductivity, and can be easily reshaped. Only
a few minerals possess metallic bonds, but those that
do are very useful; copper, for example, is used for elec-
trical wiring because of its high electrical conductivity.

Some electrically neutral atoms and molecules*®
have no electrons available for ionic, covalent, or metal-
lic bonding. They nevertheless have a weak attractive
force between them, called a van der Waals or residual
bond, when in proximity. The carbon atoms in the min-
eral graphite are covalently bonded to form sheets, but
the sheets are weakly held together by van der Waals
bonds (Figure 3.5b). This type of bonding makes
graphite useful for pencil leads; when a pencil is moved
across a piece of paper, small pieces of graphite flake off
along the planes held together by van der Waals bonds
and adhere to the paper.

N
=)

& Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Atomic Behav-
jor” (click Atoms and the Crystals—Atomic Behavior).

*A molecule is the smallest unit of a substance that has the properties of
that substance. A water molecule (H,0), for example, possesses two hy-
drogen atoms and one oxygen atom.

(a) Covalent bonds formed by adjacent atoms sharing electrons in diamond. (b) Covalent bonding also occurs in graphite, but here the
carbon atoms are bonded together to form sheets that are held to one another by van der Waals bonds. The sheets themselves are strong,

but the bonds between sheets are weak.
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WHAT ARE MINERALS?

e defined a mineral as an inorganic, nat-

urally occurring, crystalline solid with a

narrowly defined chemical composition
and characteristic physical properties. Furthermore, we
know from the preceding section that most minerals
are compounds of two or more chemically bonded ele-
ments as in quartz (SiO,). In the following sections,
we will examine each part of the formal definition of
the term mineral.

Naturally Occurring Inorganic
Substances

The criterion naturally occurring excludes from minerals
all substances manufactured by humans, such as synthetic
diamonds and rubies. This criterion is particularly impor-
tant to those who buy and sell gemstones, most of which
are minerals, because some human-made substances are
very difficult to distinguish from natural gem minerals.

Some geologists think the term inorganic in the min-
eral definition is unnecessary. It does remind us that an-
imal matter and vegetable matter are not minerals.
Nevertheless, some organisms, including corals, clams,
and a number of other animals and plants, construct
their shells of the compound calcium carbonate
(CaCOy), which is either the mineral aragonite or cal-
cite, or their shells are made of silicon dioxide (SiO,) as
in quartz.

Mineral Crystals

By definition minerals are crystalline solids, in which
the constituent atoms are arranged in a regular, three-
dimensional framework (Figure 3.4b). Under ideal con-
ditions, such as in a cavity, mineral crystals can grow and
form perfect crystals that possess planar surfaces (crystal

(@) (b)

M Figure 3.6

faces), sharp corners, and straight edges (M Figure 3.6). In
other words, the regular geometric shape of a well-formed
mineral crystal is the exterior manifestation of an ordered
internal atomic arrangement. Not all rigid substances are
crystalline solids; natural and manufactured glass lack the
ordered arrangement of atoms and is said to be amorphous,
meaning “without form.”

Crystalline refers to a solid with a regular three-
dimensional arrangement of atoms, whereas a crystal is
a geometric shape with planar faces, sharp corners, and
straight edges. Thus a crystal is the external manifesta-
tion of a crystalline structure. Not all crystalline solids
yield well-formed crystals, however, because when many
crystals form and grow adjacent to one another, they
form an interlocking mosaic in which individual crys-
tals are not apparent (M Figure 3.7a, b). So how do we
know that the mineral in Figure 3.7b is actually crys-
talline? X-ray beams and light transmitted through min-
eral crystals or crystalline solids behave in a predictable
manner, which provides compelling evidence for an inter-
nal orderly structure.

Another way we can determine that minerals with
no obvious crystals are actually crystalline is by their
cleavage, the property of breaking or splitting repeat-
edly along smooth, closely spaced planes. Not all miner-
als have cleavage planes, but many do, and such
regularity certainly indicates that splitting is controlled
by internal structure.

As early as 1669, the Danish scientist Nicholas
Steno determined that the angles of intersection of
equivalent crystal faces on different specimens of quartz
are identical. Since then, this constancy of interfacial an-
gles has been demonstrated for many other minerals,
regardless of their size, shape, age, or geographic occur-
rence (Figure 3.7¢). Steno postulated that mineral crys-
tals are made up of very small, identical building blocks,
and that the arrangement of these building blocks deter-
mines the external form of mineral crystals, a proposal
that has since been verified.

(c) (d)

Mineral crystals occur in a variety of shapes. (a) Cubic crystals typically develop in the minerals halite and galena. (b) This crystal with 12 five-
sided faces is a pyritohedron found in the mineral pyrite. (c) Diamond has octahedral or eight-sided crystals. (d) A prism terminated by

pyramids is found in quartz.
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(a) Smoky quartz

120°

Y
120°
4

M Figure 3.7

(b) Rose quartz

120°

y ‘\'1200

(a) A well-shaped crystal of smoky quartz. (b) A specimen of rose quartz in which crystals cannot be seen. (c) Side views and cross sections of
quartz crystals showing the constancy of interfacial angles. A well-shaped crystal (left), a larger well-shaped crystal (middle), and a poorly
shaped crystal (right). The angles between equivalent crystal faces on different specimens of the same mineral are the same regardless of the
size, age, shape, or geographic occurrence of the specimens. Source: (a) and (b), Sue Monroe.

Chemical Composition of Minerals

Mineral composition is shown by a chemical formula,
which is a shorthand way of indicating the numbers of
atoms of different elements that make up a mineral. The
mineral quartz consists of one silicon (Si) atom for every
two oxygen (O) atoms and thus has the formula SiO,;
the subscript number indicates the number of atoms.
Orthoclase is composed of one potassium, one alu-
minum, three silicon, and eight oxygen atoms, so its for-
mula is KAISi;Og. Some minerals known as native
elements consist of a single element and include silver
(Ag), platinum (Pt), gold, (Au), and graphite and dia-
mond, both of which are composed of carbon (C).

The definition of a mineral contains the phrase a nar-
rowly defined chemical composition because some miner-
als actually have a range of compositions. For many
minerals, the chemical composition does not vary. Quartz
is composed of only silicon and oxygen (SiO,), and halite
contains only sodium and chlorine (NaCl). Other miner-

als have a range of compositions because one element can
substitute for another if the atoms of two or more ele-
ments are nearly the same size and the same charge. No-
tice in M Figure 3.8 that iron and magnesium atoms are
about the same size; therefore they can substitute for each
other. The chemical formula for the mineral olivine is
(Mg,Fe),SiO,, meaning that, in addition to silicon and oxy-
gen, it may contain only magnesium, only iron, or a combi-
nation of both. A number of other minerals also have ranges
of compositions, so these are actually mineral groups with
several members.

Physical Properties of Minerals

The last criterion in our definition of a mineral, charac-
teristic physical properties, refers to such properties as
hardness, color, and crystal form. These properties are
controlled by composition and structure. We will have
more to say about the physical properties of minerals
later in this chapter.
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Negatively
charged ions

Positively
charged ions

1.40
Oxygen Fluorine
1.84 1.81
Sulfur Chlorine
M Figure 3.8

1+ o+ 3+ 4+
0.39 0.26
0.99 1.00
Sodium Calcium Aluminum  Silicon
0.15
1.8 0.63 0.49
Iron2* Iron3* Carbon
Potassium

0.72 1 Angstrom = 1078 cm

Magnesium

Electrical charges and relative sizes of ions common in minerals. The numbers within the ions are the radii shown

in Angstrom units.

HOW MANY MINERALS
ARE THERE?

eologists have identified and described

more than 3500 minerals, but only a few—

perhaps two dozen—are common. One
might think that an extremely large number of miner-
als could form from 92 naturally occurring elements,

Earth’s crust (by weight)

All others 1.5% Oxygen 46.6%

Magnesium 2.1%

Potassium 2.6% Silicon 27.7%
Sodium 2.8%
Calcium 3.6%

Iron 5.0%

Aluminum 8.1%

(a)

M Figure 3.9

but several factors limit the number possible. For one
thing, many combinations of elements simply do not
occur; no compounds are composed of only potassium
and sodium or of silicon and iron, for example. An-
other important factor is that the bulk of Earth’s crust
is made up of only eight chemical elements, and even
among these eight, silicon and oxygen are by far the
most common. In fact, most common minerals in the
crust consist of silicon, oxygen, and one or more of the
elements in M Figure 3.9.

Earth’s crust (by atoms)

All others 0.1%

Magnesium 1.8%

Oxygen 62.6%

Potassium 1.4%
Sodium 2.6% Silicon 21.2%
Calcium 1.9%

Iron 1.9%

Aluminum 6.5%

(b)

Common elements in Earth’s crust. (a) Percentage of crust by weight, and (b) percentage of crust by atoms. Source: (a) From Miller, G. T.,
1996. Living in the Environment: Principles, Concepts, and Solutions. Wadsworth Publishing. Figure 8.3.
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GEOLOGY
IN UNEXPECTED PLACES

The Queen’s Jewels

ecause of their beauty and scarcity,

gemstones have fascinated people for

thousands of years. Indeed, ancient

people used various minerals, rocks,
and fossils for their presumed mystical powers or
simply because they were attractive. One of the
most impressive collections of gemstones is the
Crown Jewels housed in the Tower of London in
England. The Tower of London is a formidable
stone structure on the Thames River that has
served as a fortification, the residence for kings
and queens, and a prison for such notable peo-
ple as Sir Walter Raleigh, who was incarcerated
there for 13 years. Construction on the Tower of
London began during the reign of William the
Conqueror (1066-1087). It was enlarged and
modified until about 1300, and since then it has
remained much the same.

Within the Tower the Waterloo Barracks
originally built for 1000 soldiers have housed
the British Crown Jewels since the beginning of
the 14th century. Only during World War I
(1939-1945) were the Crown Jewels removed to
a secret location for safekeeping, and later
were returned to the Waterloo Barracks.
Among the Crown Jewels is the crown made for
the coronation of George VI in 1937 and later
modified for Queen Elizabeth Il in 1953. It is set

with 2868 diamonds, 17 sapphires, 11 emer-

alds, 5 rubies, and 273 pearls (B Figure 1). In

addition to other crowns, the Crown Jewels
comprise gold plates, christening fonts, and
scepters, including the Scepter with Cross with
the 530-carat First Star of Africa diamond
mounted in its head, the largest cut diamond in
the world. Actually, the First Star of Africa dia-
mond is the largest of nine stones cut from the
much larger Cullinan Diamond from Africa.

M Figure 1.

The Imperial State Crown was made for the
coronation of George VI in 1937 and altered for Her
Majesty Queen Elizabeth Il in 1953. Source: PhotoDisc
Green/Getty Images.

MINERAL GROUPS
RECOGNIZED
BY GEOLOGISTS

eologists recognize mineral classes or groups,
each with members that share the same neg-
atively charged ion or ion group (Table 3.2).
We have mentioned that ions are atoms that have either

a positive or negative electrical charge resulting from the
loss or gain of electrons in their outermost shell. In ad-
dition to ions, some minerals contain tightly bonded,
complex groups of different atoms known as radicals that
act as single units. A good example is the carbonate radi-
cal, consisting of a carbon atom bonded to three oxygen
atoms and thus having the formula CO; and a —2 elec-
trical charge. Other common radicals and their charges
are sulfate (SO,, —2), hydroxyl (OH, —1), and silicate
(SiO,, —4) (m Figure 3.10).
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Table 3.2

Mineral Groups Recognized by Geologists

Negatively

Charged lon
Mineral Group or Radical
Carbonate (COy) 2
Halide CI=1, F=1
Hydroxide (OH)~1
Native element —
Phosphate (PO, 3
Oxide 02
Silicate (SiO4)*4
Sulfate (SO, 2
Sulfide §—2

Examples Composition
Calcite CaCO4
Dolomite CaMg(CO5),
Halite NaCl

Fluorite CaF,

Brucite l\/lg(OH)2
Gold Au

Silver Ag*
Diamond C

Apatite Cag(PO,)5(FCI)
Hematite Fe,O3
Magnetite Fe30,
Quartz Sio,
Potassium feldspar KAISi;Og
Olivine (Mg,Fe),SiO,
Anhydrite CaSO,
Gypsum CaSO,-2H,0
Galena PbS

Pyrite FeS,
Argentite Ag,S*

*Note that silver is found as both a native element and a sulfide mineral.

&Q"g“&

Carbonate Hydroxyl Sulfate Silica
COz (-2) (- SO, (-2) Si0, (-4
M Figure 3.10

Many minerals contain radicals, which are complex groups of atoms
tightly bonded together. The silica and carbonate radicals are
particularly common in many minerals, such as quartz (SiO,) and
calcite (CaCO,).

Silicate Minerals

Because silicon and oxygen are the two most abundant
elements in Earth’s crust, it is not surprising that many
minerals contain these elements. A combination of sili-
con and oxygen is known as silica, and minerals that
contain silica are silicates. Quartz (SiO,) is pure silica
because it is composed entirely of silicon and oxygen.

But most silicates have one or more additional ele-
ments, as in orthoclase (KAISi;Og) and olivine
[(Mg,Fe),Si0O,]. Silicate minerals include about one-
third of all known minerals, but their abundance is even
more impressive when one considers that they make up
perhaps 95% of Earth’s crust.

The basic building block of all silicate minerals is
the silica tetrahedron, consisting of one silicon atom
and four oxygen atoms (M Figure 3.11a). These atoms are
arranged so that the four oxygen atoms surround a silicon
atom, which occupies the space between the oxygen atoms,
thus forming a four-faced pyramidal structure. The silicon
atom has a positive charge of 4, and each of the four oxy-
gen atoms has a negative charge of 2, resulting in a radical
with a total negative charge of 4 (SiO,) ™

Because the silica tetrahedron has a negative
charge, it does not exist in nature as an isolated ion
group; rather, it combines with positively charged ions
or shares its oxygen atoms with other silica tetrahedra. In
the simplest silicate minerals, the silica tetrahedra exist
as single units bonded to positively charged ions. In min-
erals that contain isolated tetrahedra, the silicon-to-
oxygen ratio is 1:4, and the negative charge of the silica
ion is balanced by positive ions (Figure 3.11b). Olivine
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Formula of negatively
charged ion group S
Isolated W -
(®) | tetrahedra A (SiOy) Olivine
D Pyroxene group
- AWAV - (SI3) (augite)
Continuous
chains
(€ of |
tetrahedra (SisOy) 6 Amphibole group
~ N sl (hornblende)
02 Continuous . 4 Micas
(d) sheets (SisO10) (muscovite)
P4+
O—Z Si —
/ o* T lex to b
g 00 complex to be .~ 10
02  Three shown by a simple IO iz
(e) | dimensional two-dimensional (SigAlOg) Orthoclase feldspars
networks drawing (Si,Al,Og) 2 Plagioclase feldspars
(a)
=
& B Active Figure 3.11

(a) Model of the silica tetrahedron, showing the unsatisfied negative charges at each oxygen. (b)-(e) Structures of the common silicate
minerals shown by various arrangements of the silica tetrahedra. (b) Isolated tetrahedra. (c) Continuous chains. (d) Continuous sheets.
(e) Networks. The arrows adjacent to single-chain, double-chain, and sheet silicates indicate that these structures continue indefinitely in the

directions shown.

[(Mg,Fe),SiO ], for example, has either two magnesium
(Mg™*2) ions, two iron (Fe*2) ions, or one of each to off-
set the —4 charge of the silica ion.

Silica tetrahedra may also join together to form
chains of indefinite length (Figure 3.11c¢). Single chains,
as in the pyroxene minerals, form when each tetrahe-
dron shares two of its oxygens with an adjacent tetrahe-
dron, resulting in a silicon-to-oxygen ratio of 1:3.
Enstatite, a pyroxene-group mineral, reflects this ratio
in its chemical formula MgSiO;. Individual chains, how-
ever, possess a net —2 electrical charge, so they are bal-
anced by positive ions, such as Mg*2, that link parallel
chains together (Figure 3.11c).

The amphibole group of minerals is characterized
by a double-chain structure in which alternate tetrahe-
dra in two parallel rows are cross-linked (Figure 3.11c¢).
The formation of double chains results in a silicon-to-
oxygen ratio of 4:11, so each double chain possesses a
—6 electrical charge. Mg*2, Fe*2, and Al*2 are usually
involved in linking the double chains together.

In sheet structure silicates, three oxygens of each
tetrahedron are shared by adjacent tetrahedra (Figure

3.11d). Such structures result in continuous sheets of
silica tetrahedra with silicon-to-oxygen ratios of 2:5.
Continuous sheets also possess a negative electrical
charge satisfied by positive ions located between the
sheets. This particular structure accounts for the char-
acteristic sheet structure of the micas, such as biotite
and muscovite, and the clay minerals.

Three-dimensional networks of silica tetrahedra
form when all four oxygens of the silica tetrahedra are
shared by adjacent tetrahedra (Figure 3.11¢). Such shar-
ing of oxygen atoms results in a silicon-to-oxygen ratio
of 1:2, which is electrically neutral. Quartz is a common
framework silicate.

Geologists recognize two subgroups of silicates: ferro-
magnesian and nonferromagnesian silicates. The ferromag-
nesian silicates are those that contain iron (Fe), magnesium
(Mg), or both. These minerals are commonly dark and more
dense than nonferromagnesian silicates. Some of the com-
mon ferromagnesian silicate minerals are olivine, the pyrox-
enes, the amphiboles, and biotite (M Figure 3.12a).

The nonferromagnesian silicates lack iron and
magnesium, are generally light colored, and are less
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Olivine Augite
Hornblende Biotite mica
(a) Ferromgnesian silicates
Quartz Orthoclase
Plagioclase Muscovite

(b) Nonferromagnesian silicates

M Figure 3.12

(@) Common ferromagnesian silicates and (b) nonferromagnesian
silicates. Source: Sue Monroe

dense than ferromagnesian silicates (Figure 3.12b).
The most common minerals in Earth’s crust are non-
ferromagnesian silicates known as feldspars. Feldspar
is a general name, however, and two distinct groups
are recognized, each of which includes several species.
The potassium feldspars are represented by microcline
and orthoclase (KAISi;Og). The second group of
feldspars, the plagioclase feldspars, range from cal-
cium-rich (CaAl,Si,Og) to sodium-rich (NaAlSi;Og)
varieties.

Quartz (SiO,) is another common nonferromag-
nesian silicate. It is a framework silicate that can usu-
ally be recognized by its glassy appearance and
hardness. Another fairly common nonferromagnesian
silicate is muscovite, which is a mica (Figure 3.12b).

Carbonate Minerals

Carbonate minerals, those that contain the negatively
charged carbonate radical ((303)_27 include calcium
carbonate (CaCOyj) as the minerals aragonite or calcite
(M Figure 3.13a). Aragonite is unstable and commonly
changes to calcite, the main constituent of the sedimentary
rock limestone. A number of other carbonate minerals are
known, but only one of these need concern us: Dolomite
[CaMg(COs;),] forms by the chemical alteration of calcite
by the addition of magnesium. Sedimentary rock composed
of the mineral dolomite is dolostone (see Chapter 7).

Other Mineral Groups

In addition to silicates and carbonates, geologists recog-
nize several other mineral groups (Table 3.2). Even
though minerals from these groups are less common
than silicates and carbonates, many are found in rocks
in small quantities and others are important resources.
In the oxides, an element combines with oxygen as in
hematite (Fe,0;) and magnetite (Fe;O,). Rocks with
high concentrations of these minerals in the Lake Su-
perior region of Canada and the United States are
sources of iron ores for the manufacture of steel. The
related hydroxides form mostly by the chemical alter-
ation of other minerals.

We have noted that the native elements are minerals
composed of a single element, such as diamond and
graphite (C) and the precious metals gold (Au), silver
(Ag), and platinum (Pt) (see “The Precious Metals” on
pages 72 and 73). Some elements, such as silver and
copper, are found both as native elements and as com-
pounds and are thus also included in other mineral
groups; argentite (Ag,S), a silver sulfide, is an example.

Several minerals and rocks that contain the phos-
phate radical (PO,)~3 are important sources of phos-
phorus for fertilizers. The sulfides such as galena (PbS),
the ore of lead, have a positively charged ion combined
with sulfur (S™2) (Figure 3.13b), whereas the sulfates
have an element combined with the complex radical
(504)_2, as in gypsum (CaSO,-2H,0) (Figure 3.13c).
The halides contain the halogen elements, fluorine
(F~1) and chlorine (CI~!); examples are halite (NaCl)
(Figure 3.13d) and fluorite (CaF,).

PHYSICAL PROPERTIES
OF MINERALS

nternal structure and chemical composition deter-
mine the characteristic physical properties of all
minerals. Many physical properties are remarkably
constant for a given mineral species, but some, espe-
cially color, may vary. Although professional geologists
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The Precious Metals

The discovery of gold by James Marshall at Sutter's Mill near
Coloma in 1848 sparked the California gold rush
(1849-1853) during which $200
million in gold was recovered.
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Specimen of gold from Grass Valley,
California. Gold is too heavy and too soft

for tools and weapons, so it has been
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prized for jewelry and as a symbol of

wealth, but it is also used in glass making,
electrical circuitry, gold plating, the
chemical industry, and dentistry.
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A miner pans for gold (foreground) by swirling water, sand, and gravel
in a broad, shallow pan. The heavier gold sinks to the bottom. At the
far left a miner washes sediment in a cradle. As in panning, the cradle
separates heavier gold from other materials.

Bettmann/Corbis

Gold miners on the American
River near Sacramento, California.
Most of the gold came from placer

deposits in which running water
separated and concentrated
minerals and rock fragments by
their density.

Bettmann/Corbis
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Hydraulic mining in California in which strong jets of water
washed gold-bearing sand and gravel into sluices. In this
image taken in 1905 at Junction City, California, water is
directed through a monitor onto a hillside. Hydraulic mining
was efficient from the mining point of view but caused
considerable environmental damage.

Ken Lucas/Visuals Unlimited

Reports in 1876 of gold in the Black Hills of South
Dakota resulted in a flood of miners that led to
hostilities with the Sioux Indians, and the
annihilation of Lt. Col. George Armstrong Custer
and 260 of his men at the Battle of the Little Big
Horn in Montana. This view shows the
headworks (upper right) of the Homestake Mine
at Lead, South Dakota in 1900. The headworks is
the cluster of buildings near the opening to a
mine.

This image shows
the headworks of
the Yellowjacket
Mine at Gold Hill,
Nevada, and the
inset shows
silver-bearing

James S. Monroe

J.C.H. Grabill/Corbis

Like gold, silver is found as a native element as in this specimen,
but it also occurs as a compound in the sulfide mineral argentite
(Ag,S). Silver is used in North America for silver halide film,
jewelry, flatware, surgical instruments, and backing for mirrors.

quartz (white) in volcanic rock. This largest silver discovery in North America,

called the Comstock Lode, was responsible for bringing Nevada into the Union in
1864 during the Civil War, even though it had too few people to qualify for statehood.
The Comstock Lode was mined for silver and gold from 1859 until 1898.

Sue. Monroe
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(a) Calcite

Sue Monroe

(c) Gypsum

use sophisticated techniques to study and identify min-
erals, most common minerals can be identified by using
the physical properties described next (see Appendix C).

Luster and Color

Luster (not to be confused with color) is the quality and
intensity of light reflected from a mineral’s surface. Geol-
ogists define two basic types of luster: metallic, having the
appearance of a metal, and nonmetallic. Notice that of
the four minerals shown in Figure 3.13, only galena has a
metallic luster. Among the several types of nonmetallic
luster are glassy or vitreous (as in quartz), dull or earthy,
waxy, greasy, and brilliant (as in diamond) (Figure 3.1b).
Beginning geology students are distressed by the fact
that the color of some minerals varies considerably, mak-
ing the most obvious physical property of little use for
mineral identification. In any case, we can make some
helpful generalizations about color. Ferromagnesian sili-
cates are typically black, brown, or dark green, although
olivine is olive green (Figure 3.12a). Nonferromagnesian
silicates, on the other hand, vary considerably in color but
are rarely very dark. White, cream, colorless, and shades
of pink and pale green are more typical (Figure 3.12b).
Another helpful generalization is that the color of min-
erals with a metallic luster is more consistent than is the
color of nonmetallic minerals. For example, galena is always
lead-gray (Figure 3.13b) and pyrite is invariably brassy yel-

(b) Galena

M Figure 3.13

(a) Calcite (CaCOy) is the most

common carbonate mineral.

(b) The sulfide mineral galena

(PbS) is the ore of lead.

(c) Gypsum (CaSO,4-2H,0) is a

common sulfate mineral.

(d) Halite (NaCl) is a good

example of a halide mineral.
(d) Halite

low. In contrast, quartz, a nonmetallic mineral, may be col-
orless, smoky brown to almost black, rose, yellow-brown,
milky white, blue, or violet to purple (Figure 3.7a, b).

Crystal Form

As we noted, many mineral specimens do not show the
perfect crystal form typical of that mineral species (Fig-
ures 3.6 and M 3.14). Keep in mind, however, that even
though crystals may not be apparent, minerals neverthe-
less possess a crystalline structure.

Some minerals do typically occur as crystals. For ex-
ample, 12-sided crystals of garnet are common, as are 6-
and 12-sided crystals of pyrite. Minerals that grow in
cavities or are precipitated from circulating hot water
(hydrothermal solutions) in cracks and crevices in rocks
also commonly occur as crystals (see Geo-Focus 3.1).

Crystal form can be a useful characteristic for min-
eral identification, but a number of minerals have the
same crystal form. Pyrite (FeS,), galena (PbS), and
halite (NaCl) all occur as cubic crystals, but they can be
easily identified by other properties such as color, luster,
hardness, and density.

Cleavage and Fracture

Not all minerals possess cleavage, but those that do
break, or split, along a smooth plane or planes of weak-
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(a)
M Figure 3.14

(b)

Mineral crystals. (a) Cubic crystals of fluorite (CaF,). (b) Calcite (CaCOg) crystal. (c) Garnet (Fe3Al,(SiO,)5) crystals. Source: (a & b) Sue Monroe,

(c) Michael Penn/Juneau, Alaska, BLM.

ness determined by the strength of their chemical
bonds. Cleavage is characterized in terms of quality
(perfect, good, poor), direction, and angles of intersec-
tion of cleavage planes. Biotite, a common ferromagne-
sian silicate has perfect cleavage in one direction
(M Figure 3.15a). Biotite is a sheet silicate with the sheets
of silica tetrahedra weakly bonded to one another by iron
and magnesium ions (Figure 3.12a).

Feldspars possess two directions of cleavage that in-
tersect at right angles (Figure 3.15b), and the mineral
halite has three directions of cleavage, all of which in-
tersect at right angles (Figure 3.15¢). Calcite also pos-
sesses three directions of cleavage, but none of the
intersection angles is a right angle, so cleavage frag-
ments of calcite are rhombohedrons (Figure 3.15d).
Minerals with four directions of cleavage include fluo-
rite and diamond (Figure 3.15e). Ironically, diamond,
the hardest mineral, can be cleaved easily. A few miner-
als such as sphalerite, an ore of zinc, have six directions
of cleavage (Figure 3.15f).

Cleavage is an important diagnostic property of min-
erals, and recognizing it is essential in distinguishing be-
tween some minerals. The pyroxene mineral augite and
the amphibole mineral hornblende, for example, look
much alike: Both are dark green to black, have the same
hardness, and possess two directions of cleavage. But the
cleavage planes of augite intersect at about 90 degrees,

M Figure 3.15

Several types of mineral cleavage. (a) One direction. (b) Two
directions at right angles. (c) Three directions at right angles.

(d) Three directions, not at right angles. (e) Four directions. (f) Six
directions.
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Mineral Crystals

ertainly the most allur-

ing features of minerals

are crystals. Most crys-

tals are rather small,
measuring a few millimeters to cen-
timeters long, but some reach gi-
gantic proportions. Spodumene
crystals up to 14 m long were mined
in South Dakota for their lithium
content, quartz crystals weighing
several metric tons have been
found in Russia, and sheets of mus-
covite measuring more than 2.4 m
across come from mines in Ontario.
Invariably, such large crystals grow
in cavities where their growth is un-
restricted, or they are found in peg-
matites, a type of igneous rock with
especially large minerals (see Chap-
ter 4).

The most remarkable recent find
of giant crystals occurred in April
2000 in a silver and lead mine in Chi-
huahua, Mexico. A cavern there is
lined with hundreds of gypsum crys-
tals more than 1 m long and what
one author called “crystal moon-
beams” —gypsum crystals 1.2 m in
diameter and up to 15.2 m long
(m Figure 1). Perhaps these are the
largest mineral crystals anywhere in
the world. Fearing vandalism, the
company that owned the mine kept
the crystals a secret for some time,
but the 65°C temperature and 100%
humidity in the crystal-filled cavern
would keep out all but the most de-
termined vandals.

For many centuries, crystals and
minerals were valued for their
alleged healing powers and mystical
properties. In fact, many minerals,
especially mineral crystals, as well as
some rocks and fossils have served
as religious symbols and talismans,

KS OF ROCKS

or have been carried, worn, applied
externally, or ingested for their pre-
sumed mystical or curative powers.
Diamond, according to one legend,
wards off evil spirits, sickness, and
floods, whereas topaz was thought
to prevent mental disorders, and
ruby was believed to preserve its
owner's health and warn of imminent
bad luck. Indeed, even today maga-
zine and tabloid ads tout the healing
qualities of various crystals and claim
that they enhance emotional stability
and clear thinking. Unfortunately for
those who purchase crystals for these
purposes, they provide no more ben-
efit than artificial ones. Wishful think-
ing and the placebo effect are
responsible for any perceived benefi-
cial results.

One reason some people think
crystals have favorable attributes is
the curious property called the
piezoelectric effect. When some
crystals are compressed or an elec-
trical current is applied, these miner-
als produce an electrical charge that
enables them to be accurate time-
keepers. For example, the electrical
current from a watch's battery causes
a quartz crystal to expand and con-
tract very rapidly and regularly
(about 100,000 times per second).
Quartz crystal clocks were first devel-
oped in 1928, and now quartz clocks
and watches are commonplace.
Even inexpensive quartz timepieces
are very accurate, and precision-
manufactured quartz clocks used in
astronomy do not gain or lose more
than 1 second in 10 years.

An interesting historical note is
that during World War Il
(1939-1945) the United States had
difficulty obtaining Brazilian quartz

Image not available due to copyright restrictions

crystals needed for making radios.
This shortage prompted the devel-
opment of artificially synthesized
quartz, and now most quartz used
in watches and clocks is synthetic.
Even though the piezoelectric ef-
fect imparts no healing or protec-
tive powers to crystals, it is essential
in applications in which precise
measurements of time, pressure, or
acceleration are needed. And, of
course, many people are intrigued
by crystals simply because they are
so attractive.
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Cross section

Cross section

S

Cleavage in augite and hornblende. (a) Augite crystal and cross
section of crystal showing cleavage. (b) Hornblende crystal and
cross section of crystal showing cleavage.

(b)

M Figure 3.16

whereas the cleavage planes of hornblende intersect at
angles of 56 degrees and 124 degrees (M Figure 3.16).

In contrast to cleavage, fracture is mineral breakage
along irregular surfaces. Any mineral can be fractured if
enough force is applied, but the fracture surfaces are
commonly uneven or conchoidal (curved) rather than
smooth.

Hardness

An Austrian geologist, Friedrich Mohs, devised a rela-
tive hardness scale for 10 minerals. He arbitrarily as-
signed a hardness value of 10 to diamond, the hardest
mineral known, and lesser values to the other minerals.
Relative hardness is easily determined by the use of
Mohs hardness scale (Table 3.3). Quartz will scratch
fluorite but cannot be scratched by fluorite, gypsum can
be scratched by a fingernail, and so on. So hardness is
defined as a mineral’s resistance to abrasion and is con-
trolled mostly by internal structure. For example, both
graphite and diamond are composed of carbon, but the
former has a hardness of 1 to 2, whereas the latter has
a hardness of 10.

Specific Gravity (Density)

Specific gravity and density are two separate concepts,
but here we will use them more or less as synonyms. A

Table 3.3

Mohs Hardness Scale

Hardness of Some

Hardness Mineral Common Objects
10 Diamond

9 Corundum

8 Topaz

7 Quartz
Steel file (6%)

6 Orthoclase
Glass (5/5-6)

5 Apatite

4 Fluorite

3 Calcite Copper penny (3)
Fingernail (2/)

2 Gypsum

1 Talc

mineral’s specific gravity is the ratio of its weight to the
weight of an equal volume of pure water at 4°C. Thus a
mineral with a specific gravity of 3.0 is three times as
heavy as water. Density, in contrast, is a mineral’s mass
(weight) per unit of volume expressed in grams per
cubic centimeters. So the specific gravity of galena (Fig-
ure 3.13b) is 7.58 and its density is 7.58 g/cm?3. In most
instances we will refer to a mineral’s density, and in
some of the following chapters we will mention the den-
sity of various rocks.

Structure and composition control a mineral’s spe-
cific gravity and density. Because ferromagnesian sili-
cates contain iron, magnesium, or both, they tend to be
denser than nonferromagnesian silicates. In general, the
metallic minerals, such as galena and hematite, are
denser than nonmetals. Pure gold with a density of 19.3
g/cm? is about two and one-half times as dense as lead.
Diamond and graphite, both of which are composed of
carbon (C), illustrate how structure controls specific
gravity or density. The specific gravity of diamond is 3.5,
whereas that of graphite varies from 2.09 to 2.33.

Other Useful Mineral Properties

Other physical properties characterize some minerals.
Talc has a distinctive soapy feel, graphite writes on
paper, halite tastes salty, and magnetite is magnetic
(M Figure 3.17). Calcite possesses the property of double
refraction, meaning that an object when viewed through a
transparent piece of calcite will have a double image.
Some sheet silicates are plastic and, when bent into a new
shape, will retain that shape; others are flexible and, if
bent, will return to their original position when the forces
that bent them are removed.
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(b)

M Figure 3.17

Various mineral properties. (a) Graphite, the mineral used to make
pencil “lead,” writes on paper. (b) Magnetite, an important iron ore,
is magnetic.

A simple chemical test to identify the minerals cal-
cite and dolomite involves applying a drop of dilute hy-
drochloric acid to the mineral specimen. If the mineral
is calcite, it will react vigorously with the acid and re-
lease carbon dioxide, which causes the acid to bubble or
effervesce. Dolomite, in contrast, will not react with hy-
drochloric acid unless it is powdered.

HOW DO
MINERALS FORM?

hus far we have discussed the composition,
structure, and physical properties of minerals
but have not addressed how they originate.
One phenomenon that accounts for the origin of min-
erals is the cooling of molten rock material known as
magma (magma that reaches the surface is called lava).

As magma or lava cools, minerals crystallize and grow,
thereby determining the mineral composition of various
igneous rocks such as basalt (dominated by ferromag-
nesian silicates) and granite (dominated by nonferro-
magnesian silicates) (see Chapter 4). Hot water
solutions derived from magma commonly invade cracks
and crevasses in adjacent rocks, and from these solu-
tions a variety of minerals crystallize, some of economic
importance. Minerals also originate when water in hot
springs cools (see Chapter 13), and when hot, mineral-
rich water discharges onto the seafloor at hot springs
known as black smokers (see Chapter 9).

Dissolved materials in seawater, more rarely lake
water, combine to form minerals such as halite (NaCl),
gypsum (CaSO,-2H,0), and several others when the
water evaporates. Aragonite and/or calcite, both varieties
of calcium carbonate (CaCO;), might also form from
evaporating water, but most originates when organisms
such as clams, oysters, corals, and floating microorgan-
isms use this compound to construct their shells. And a
few plants and animals use silicon dioxide (SiO,) for
their skeletons, which accumulate as mineral matter on
the seafloor when the organisms die (see Chapter 7).

Some clay minerals form when chemical processes
compositionally and structurally alter other minerals,
such as feldspars (see Chapter 6), and others originate
when rocks are changed during metamorphism (see
Chapter 7). In fact, the agents that cause metamor-
phism—heat, pressure, and chemically active fluids—
are responsible for the origin of many minerals. A few
minerals even originate when gasses such as hydrogen
sulfide (H,S) and sulfur dioxide (SO,) react at volcanic
vents to produce sulfur.

WHAT ARE ROCK-
FORMING MINERALS?

eologists use the term rock for a solid aggre-

gate of one or more minerals, but the term

also refers to masses of mineral-like matter
as in the natural glass obsidian (see Chapter 4) and
masses of solid organic matter as in coal (see Chapter
6). And even though some rocks may contain many min-
erals, only a few, designated rock-forming minerals,
are sufficiently common for rock identification and clas-
sification (Table 3.4 and M Figure 3.18). Others, known
as accessory minerals, are present in such small quantities
that they can be disregarded.

Given that silicate minerals are by far the most
common ones in Earth’s crust, it follows that most
rocks are composed of these minerals. Indeed, feldspar
minerals (plagioclase feldspars and potassium
feldspars) and quartz make up more than 60% of
Earth’s crust. So, even though there are hundreds of
silicates, only a few are particularly common in rocks,
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although many others are present as ac-
cessory minerals.

The most common nonsilicate rock-
forming minerals are the carbonates calcite
(CaCO;) and dolomite [CaMg(CO,), ], the
main constituents of the sedimentary rocks
limestone and dolostone, respectively (see
Chapter 7). Among the sulfates and
halides, gypsum (CaSO,-2H,0) in rock
gypsum and halite (NaCl) in rock salt (see
Chapter 7) are common enough to qualify
as rock-forming minerals. Even though
these minerals and their corresponding
rocks might be common in some areas,
however, their overall abundance is limited
compared to the silicate and carbonate
rock-forming minerals.

Log into GeologyNow and
select thls chapter to work through a Geology In-
teractive activity on the “Mineral Lab” (click
Atoms and Crystals—Mineral Lab).

NATURAL RESOURCES
AND RESERVES

he United States and Canada
have enjoyed considerable eco-
nomic success because they
have abundant natural resources. But

Table 3.4

Important Rock-Forming Minerals

Mineral

Ferromagnesian silicates
Olivine
Pyroxene group
Augite most common
Amphibole group
Hornblende most common
Biotite
Nonferromagnesian silicates
Quartz
Potassium feldspar group
Orthoclase, microcline
Plagioclase feldspar group
Muscovite

Clay mineral group

Carbonates
Calcite
Dolomite

Sulfates
Anhydrite
Gypsum

Halides
Halite

Primary Occurrence

Igneous and metamorphic rocks
Igneous and metamorphic rocks

Igneous and metamorphic rocks

All rock types

All rock types

All rock types
All rock types
All rock types

Soils, sedimentary rocks, and
some metamorphic rocks

Sedimentary rocks

Sedimentary rocks

Sedimentary rocks

Sedimentary rocks

Sedimentary rocks

what are resources, how and where do

they form, and how are they found and

exploited? Geologists at the U.S. Geological Survey use
this definition: A resource is a concentration of natu-
rally occurring solid, liquid, or gaseous material in or
on Earth’s crust in such form and amount that eco-
nomic extraction of a commodity from the concentra-
tion is currently or potentially feasible.

Natural resources are mostly concentrations of min-
erals, rocks, or both, but liquid petroleum and natural
gas are also included. In fact, some of the resources we
refer to are metallic resources (copper, tin, iron ore, etc.),
nonmetallic resources (sand and gravel, crushed stone,
salt, sulfur, etc.), and energy resources (petroleum, nat-
ural gas, coal, and uranium). All of these are indeed re-
sources, but we must make a distinction between a
resource, the total amount of a commodity whether dis-
covered or undiscovered, and a reserve, which is only
that part of the resource base that is known and can be
economically recovered. Aluminum can be extracted
from aluminum-rich igneous and sedimentary rocks, but
at present that cannot be done economically.

The distinction between a resource and a reserve is
simple enough in principle, but in practice it depends on
several factors, not all of which remain constant. Geo-
graphic location may be important. For instance, a resource

in a remote region might not be mined because transporta-
tion costs are too high, and what might be deemed a re-
source rather than a reserve in the United States and
Canada may be mined in a developing country where labor
costs are low. The commodity in question is also important.
Gold or diamonds in sufficient quantity can be mined prof-
itably just about anywhere, whereas sand and gravel de-
posits must be close to their market areas.

Obviously the market price is important in evaluating
any resource. From 1935 until 1968, the U.S. government

What Would You Do

The distinction between minerals and rocks is not easy
for beginning students to understand. As a teacher, you
know that minerals are made up of chemical elements
and that rocks consist of one or more minerals, but de-
spite your best efforts to clearly define them, your stu-
dents commonly mistake one for the other. Can you
think of analogies that might help students understand
the difference between minerals and rocks?
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(a)

Basalt

Calcium-rich

plagioclase

Pyroxene
(b) y feldspar

Amphibole

M Figure 3.18

Granite

Potassium Sodium-rich
feldspar plagioclase Biotite
feldspar

(a) Granite is made up of the minerals shown, so it is light-colored with a few black spots. (b) Basalt contains mostly dark minerals. Notice too
that the minerals are clearly visible in granite, but in basalt they can be seen only when highly magnified. Source: Sue Monroe

maintained the price of gold at $35 per troy ounce (1 troy
ounce = 31.1 g). When this restriction was removed, de-
mand determined the market price and gold prices rose,
reaching an all-time high of $843 per troy ounce in 1980.
As a result, many marginal deposits became reserves and a
number of abandoned mines were reopened.

The status of a resource is also affected by changes
in technology. By the time of World War II (1939-1945),
the richest iron ore deposits of the Great Lakes region
in the United States and Canada had been mostly de-
pleted. But the development of a method for separating
the iron from unusable rock and shaping it into pellets
ideal for use in blast furnaces made it profitable to mine
rocks that contained less iron.

Most people know that industrialized societies depend
on a variety of natural resources, but they know little about
their occurrence, methods of recovery, and economics.
Geologists are, of course, essential in finding and evaluat-
ing deposits, but extraction involves engineers, chemists,
miners, and many people in support industries that supply
mining equipment. Ultimately, though, the decision about
whether a deposit should be mined or not is made by peo-
ple trained in business and economics. In short, extrac-
tion must yield a profit. The extraction of resources other
than oil, natural gas, and coal amounted to more than $40
billion during 2002 in the United States, and in Canada
the extraction of nonfuel resources during the same year
was nearly $18 billion (Canadian dollars).
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In addition to resources such as petroleum, gold, and
ores of iron and copper, some quite common minerals
are also essential. For example, pure quartz sand is used
to manufacture glass and optical instruments as well as
sandpaper and steel alloys. Clay minerals are needed
to make ceramics and paper; feldspars are used for
porcelain, ceramics, enamel, and glass; and phosphate-
bearing rock is used for fertilizers. Micas are used in a
variety of products, including lipstick, glitter, and eye
shadow as well as the lustrous paints on appliances and
automobiles.

Access to resources is essential for industrialization
and the high standard of living enjoyed in many coun-
tries. The United States and Canada are resource-rich
nations, but many resources are nonrenewable, which
means that there is a limited supply and they cannot be
replenished by natural processes as fast as they are de-
pleted. Accordingly, once a resource is depleted, suitable
substitutes, if available, must be found. For some essen-

tial resources, the United States is totally dependent on
imports; no cobalt was mined in this country during
2002. Yet the United States, the world’s largest con-
sumer of cobalt, uses this essential metal in gas-turbine
aircraft engines and magnets and for corrosion- and
wear-resistant alloys. Obviously all cobalt is imported, as
is all manganese, an element essential for making steel.

The United States also imports all the aluminum ore
it uses as well as all or some of many other resources
(M Figure 3.19). Canada, in contrast, is more self-reliant,
meeting most of its domestic mineral and energy needs.
Nevertheless, it must import phosphate, chromium, man-
ganese, and aluminum ore. Canada also produces more
crude oil and natural gas than it uses, and it is among the
world leaders in producing and exporting uranium.

To ensure continued supplies of essential minerals
and energy resources, geologists and other scientists,
government agencies, and leaders in business and indus-
try continually assess the status of resources in view of

Percentage imported
Commodity | 2,5 5.0 7,5 1(,)0 Major Import Sources Uses
Bauxite _ Guinea, Jamaica, Brazil, Guyana Ore of aluminum
Columbium _ Brazil, Canada, Germany, Estonia Carbon steel, superalloys
Graphite _ China, Canada, Mexico, Brazil Brake linings, lubricants
Manganese _ Gabon, South Africa, Australia, Mexico Steel production, dry cell batteries
Vanadium _ gzg?hAgggi’bﬁgnada’ Che Steel alloys
Platinum _:| g?;maﬁgjcsdsi?;ted Kingdom, Catalytic converters, jewelry
Tin —:I Peru, China, Indonesia, Brazil, Bolivia Tin cans and containers
Cobalt —:I Finland, Norway, Russia, Canada Superalloys
Tungsten —:I China, Russia Carbide parts for cutting tools
Chromium —:I g%éha@a:afufséikgigi?é Stainless and heat-resistant steel
Silver —:I Canada, Mexico, Peru, United Kingdom Silver halide film, jewelry
Zinc —:l Canada, Mexico, Kazakhstan Galvanized metal, zinc alloys
Gold _:l Canada, Brazil, Peru, Australia Jewelry and arts, electrical industry
Nickel _:l Canada, Norway, Russia, Australia Stainless steel, electroplating
Copper - | Canada, Chile, Peru, Mexico Copper and copper alloys, wiring
Lead - |  canada, Mexico, Australia, Peru Lead for batteries, protective coatings
Iron ore . | Canada, Brazil, Australia, Venezuela Steel, cast iron

Sources: USGS Minerals Information: http://minerals.usgs.gov/minerals/
USGS Mineral Commodity Summaries 2003: http://usgs.gov/minerals/pubs/mcs/2003.pdf

M Figure 3.19

The dependence of the United States on imports of various mineral commodities is apparent from this chart. The lengths of the bars
correspond to the amounts of resources imported.
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changing economic and political conditions and changes
in science and technology. The U.S. Geological Survey,
for instance, keeps detailed statistical records of mine
production, imports, and exports, and regularly pub-
lishes reports on the status of numerous commodities.
Similar reports appear regularly in the Canadian Miner-
als Yearbook. In several of the following chapters, we will
discuss the geologic occurrence of resources.

GEO

What Would You Do

Some reputable businesspeople tell you of opportuni-
ties to invest in natural resources. Two ventures look
promising: a gold mine and a sand and gravel pit. Given
that gold sells for about $420 per ounce, whereas sand
and gravel are worth $4 or $5 per ton, would it be more
prudent to invest in the gold mine? Explain not only
how market price would influence your decision but
also what other factors you might need to consider.

RECAP

Chapter Summary

Matter is composed of chemical elements, each of
which consists of atoms. Protons and neutrons are
present in an atom’s nucleus, and electrons orbit
around the nucleus in electron shells.

The number of protons in an atom’s nucleus deter-
mines its atomic number. The atomic mass number
is the number of protons plus neutrons in the
nucleus.

Bonding results when atoms join with other atoms;
different elements bond to form a compound. With
few exceptions, minerals are compounds.

Ionic and covalent bonds are most common in min-
erals, but metallic and van der Waals bonds are
found in some.

Minerals are crystalline solids, which means they
possess an ordered internal arrangement of atoms.

Mineral composition is indicated by a chemical for-
mula, such as SiO,, for quartz.

Some minerals have a range of compositions

because different elements substitute for one
another if their atoms are about the same size and
have the same electrical charge.

More than 3500 minerals are known, and most of
them are silicates. The two types of silicates are fer-
romagnesian and nonferromagnesian.

In addition to silicates, geologists recognize carbon-
ates, native elements, hydroxides, oxides, phos-
phates, halides, sulfates, and sulfides.

Structure and composition control the physical
properties of minerals such as luster, crystal form,
hardness, color, cleavage, fracture, and specific
gravity.

Several processes account for the origin of miner-
als, including cooling magma, weathering, evapora-
tion of seawater, metamorphism, and organisms
using dissolved substances in seawater to build
their shells.

A few minerals, designated rock-forming minerals,
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are common enough in rocks to be essential in their
identification and classification. Most rock-forming

minerals are silicates, but some carbonates are also

common.

Many resources are concentrations of minerals or
rocks of economic importance. They are further

be extracted profitably. Distinguishing a resource
from a reserve depends on market price, labor
costs, geographic location, and developments in sci-
ence and technology.

The United States must import many resources to
maintain its industrial capacity. Canada is more self-

characterized as metallic resources, nonmetallic
resources, and energy resources.

reliant, but it too must import some commodities.

Reserves are that part of the resource base that can

Important Terms

atom (p. 61)
atomic mass number (p. 62)

electron shell (p. 61)

element (p. 61)
ferromagnesian silicate (p. 70)
hardness (p. 77)

ion (p. 64)

ionic bond (p. 64)

luster (p. 74)

mineral (p. 65)

neutron (p. 61)
nonferromagnesian silicate

nucleus (p. 61)

proton (p. 61)

reserve (p. 79)

resource (p. 79)

rock (p. 78)

rock-forming mineral (p. 78)
silica (p. 69)

silica tetrahedron (p. 69)
silicate (p. 69)

specific gravity (p. 77)

atomic number (p. 61)
bonding (p. 63)
carbonate mineral (p. 71)
cleavage (p. 65)
compound (p. 63)
covalent bond (p. 64)
crystal (p. 65)

crystalline solid (p. 65)

density (p. 77)
electron (p. 61)

(p. 70)

Review Questions

1. A common rock-forming silicate mineral is
, whereas the most common carbonate

mineral is

a. olivine/gypsum; b. quartz/calcite;
c. hematite/galena; d. halite/biotite;
e. muscovite/hornblende.

2. In what type of chemical bonding are elec-
trons shared by adjacent atoms?

a. van der Waals; b. silicate;
c. octahedral; d. spherical;
e. covalent.

3. The two most abundant elements in Earth’s
crust are

a. oxygen and silicon; b. iron and
potassium; c. aluminum and calcium;
d. granite and basalt; e.

and iridium.

magnesium

4. An atom with 6 protons and 8 neutrons in its
nucleus has an atomic mass number of
a. 6; b. 8; c. 14,
d__ 48e_ 2.

5. Any mineral composed of an element com-

bined with sulfur (S72) as in galena (PbS) is

a(n)
a. oxide; b. sulfide; c. carbon-
ate; d. silicate; e. hydroxide.

6. The atoms of the noble gases do not react to
form compounds because they have
a. eight electrons in their outermost
electron shell; b. more positive charges
than negative charges; c. three
directions of cleavage intersecting at right
angles; d. atomic mass numbers exceed-
ing 92; e. too much silica and not
enough calcium.
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A rock-forming mineral is any mineral

a. found in rocks; b. containing the
(CO3) 2 radical; c. in which oxygen
combines with iron; d. essential for the
classification of rocks; e.

cate group.

from the sili-

A mineral known as a native element is one
in which

a. one element can substitute for
another; b. composition is determined
by reactions between oxygen and iron;

c. atoms bond to form continuous
sheets; d. at least silicon and oxygen are
found; e. only one chemical element is

present.

Minerals that possess the property known as
cleavage

a. are denser than minerals that lack
this property; b. exhibit double refrac-
tion; c. break along smooth internal
planes of weakness; d.
and coal; e. are composed mostly of the
noble gases.

include obsidian

10. The ferromagnesian silicate olivine has the

11.

chemical formula (Mg,Fe),SiO ,, which
means that

a. silicon and oxygen may or may not be
present; b. magnesium and iron can
substitute for each another; c. magne-
sium and iron are less abundant in Earth’s
crust than silicon and oxygen; d.
contains either magnesium or iron but not

olivine

both; e. ferromagnesian silicates are
darker than nonferromagnesian silicates.
Explain the distinction between rock-forming
minerals and accessory minerals. Also, name
some of the most common silicate rock-
forming minerals and one carbonate
rock-forming mineral.

12. Why must the United States, a resource-rich

nation, import most or all of some of the re-
sources it needs? What are some of the prob-
lems such a dependence on imports creates?
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13.

14.

15.

16.
17.

What is cleavage in minerals? How can it be
used in “cutting” gemstones?

How do minerals characterized as silicates
differ from carbonates and oxides?

Briefly discuss three ways in which minerals
originate.

Compare ionic and covalent bonding.
Under what conditions do well-formed min-
eral crystals originate? Why are well-formed
crystals not very common?

World Wide Web Activities

=)
N

chapter’s topics with additional quizzing and compre-

hensive interactivities at

http:/learthscience.brookscole.com/changingearth4e

Assess your understanding of this

18.

19.

20.

What accounts for the fact that some miner-
als, such as plagioclase feldspars, have a
range of chemical compositions? Give an ex-
ample from the ferromagnesian silicates.
How would the color and density of a rock
composed mostly of ferromagnesian silicates
differ from one made up primarily of nonfer-
romagnesian silicates?

What is the basic distinction between miner-
als and rocks?

as well as current and up-to-date weblinks, additional
readings, and InfoTrac College Edition exercises.
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This mass of granitic rock in Yosemite National Park in California is called
El Capitan, meaning “The Chief.” It is part of the Sierra Nevada
batholith, a huge pluton mesuring 640 km long and 110 km wide. This
near-vertical cliff rises more than 900 m above the valley floor, making it
the highest unbroken cliff in the world.
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OBJECTIVES

At the end of this chapter,
you will have learned that:

With few exceptions, magma is com-
posed of silicon and oxygen with
lesser amounts of several other

chemical elements.

Temperature and especially compo-
sition are the most important con-
trols on the mobility of magma and

lava.

Most magma originates within
Earth’s upper mantle or lower crust
at or near divergent and convergent

plate boundaries.

Several processes bring about chem-
ical changes in magma, so magma
may evolve from one kind into

another.

All igneous rocks form when magma
or lava cools and crystallizes or by
the consolidation of pyroclastic
materials ejected during explosive

eruptions.

Geologists use texture and composi-

tion to classify igneous rocks.

Intrusive igneous bodies called plu-
tons form when magma cools below
Earth’s surface. The origin of the
largest plutons is not fully understood.
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e mentioned that the term rock

applies to a solid aggregate of one or

more minerals as well as to mineral-

like matter such as natural glass and
solid masses of organic matter such as coal. Furthermore, in
Chapter 1 we briefly discussed the three main families of rocks:
igneous, sedimentary, and metamorphic. Recall that igneous
rocks form when molten rock material known as magma or lava
cools and crystallizes to form a variety of minerals, or when par-
ticulate matter called pyroclastic materials become consoli-
dated. We are most familiar with igneous rocks formed from
lava flows and pyroclastic materials because they are easily
observed at Earth’s surface, but you should be aware that most
magma never reaches the surface. Indeed, much of it cools
and crystallizes far underground and thus forms plutons,
igneous bodies of various shapes and sizes.

Granite and several similar-appearing rocks are the most
common rocks in the larger plutons such as those in the
Sierra Nevada of California (see the chapter opening photo)
and in Acadia National Park in Maine (M Figure 4.1a). The im-
ages of Presidents Lincoln, Roosevelt, Jefferson, and Washing-
ton at Mount Rushmore National Memorial in South Dakota
(Figure 4.1b) as well as the nearby Crazy Horse Memorial (under
construction) are in the 1.7-billion-year-old Harney Peak Gran-

ite, which consists of a number of plutons. These huge plutons
formed far below the surface, but subsequent uplift and deep
erosion exposed them in their present form.

Some granite and related rocks are quite attractive, es-
pecially when sawed and polished. They are used for tomb-
stones, mantlepieces, kitchen counters, facing stones on
buildings, pedestals for statues, and statuary itself. More im-
portant, though, is the fact that fluids emanating from plu-
tons account for many ore minerals of important metals, such
as copper in adjacent rocks.

The origin of plutons, or intrusive igneous activity, and
volcanism involving the eruption of lava flows, gases, and
pyroclastic materials are closely related topics even though
we discuss them in separate chapters. The same kinds of
magmas are involved in both processes, but magma varies
in its mobility, which explains why only some reaches the
surface. Furthermore, plutons typically lie beneath areas of
volcanism and, in fact, are the source of the overlying lava
flows and pyroclastic materials. Plutons and most volcanoes
are found at or near divergent and convergent plate bound-
aries, so the presence of igneous rocks is one criterion for
recognizing ancient plate boundaries; igneous rocks also
help us unravel the complexities of mountain-building
episodes (see Chapter 10).

Image not available due to copyright restrictions

M Figure 4.1

(a) Light-colored granitic rocks exposed along the shoreline in
Acadia National Park in Maine. The dark rock is basalt that formed
when magma intruded along a fracture in the granitic rock.
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One important reason to study igneous rocks and intru-
sive igneous activity is that igneous rocks are one of the three
main families of rocks. In addition, igneous rocks make up
large parts of all the continents and nearly all of the oceanic
crust, which is formed continuously by igneous activity at di-
vergent plate boundaries. And, as already mentioned, impor-
tant mineral deposits are found adjacent to many plutons.

THE PROPERTIES
AND BEHAVIOR OF
MAGMA AND LAVA

n Chapter 3 we noted that one process that ac-

counts for the origin of minerals, and thus rocks, is

cooling and crystallization of magma and lava.
Magma is molten rock below Earth’s surface. Any
magma is less dense than the rock from which it was
derived, so it tends to move upward, but much of it
cools and solidifies deep underground, thus accounting
for intrusive igneous bodies known as plutons. However,
some magma does rise to the surface where it issues
forth as lava flows, or it is forcefully ejected into the at-
mosphere as particulate matter known as pyroclastic
materials (from the Greek pyro, “fire,” and klastos, “bro-
ken”). Certainly lava flows and eruptions of pyroclastic
materials are the most impressive manifestations of all
processes related to magma, but they result from only a
small percentage of all magma that forms.

All igneous rocks derive from magma, but two sep-
arate processes account for them. They form when
(1) magma or lava cools and crystallizes to form miner-
als, or (2) pyroclastic materials are consolidated to form
a solid aggregate from the previously loose particles. Ig-
neous rocks that result from the cooling of lava flows
and the consolidation of pyroclastic materials are vol-
canic rocks or extrusive igneous rocks—that is, ig-
neous rocks that form from materials erupted on the

Table 4.1

The Most Common Types of Magmas

and Their Characteristics

Sodium,
Type of Silica Potassium,
Magma Content (%) and Aluminum
Ultramafic <45
Mafic 45-52
Intermediate 53-65
Felsic >65 Increase

In this chapter, our main concerns are (1) the origin,
composition, textures, and classification of igneous rocks,
and (2) the origin, significance, and types of plutons. In
Chapter 5, we will consider volcanism, volcanoes, and asso-
ciated phenomena that result from magma reaching Earth’s
surface. Remember, though, that the origin of plutons and
volcanism are related topics.

surface. In contrast, magma that cools below the surface
forms plutonic rocks or intrusive igneous rocks.

Composition of Magma

In Chapter 3 we noted that by far the most abundant
minerals in Earth’s crust are silicates such as quartz,
various feldspars, and several ferromagnesian silicates,
all made up of silicon and oxygen, and other elements
shown in Figure 3.9. As a result, melting of the crust
yields mostly silica-rich magmas that also contain con-
siderable aluminum, calcium, sodium, iron, magne-
sium, and potassium, and several other elements in
lesser quantities. Another source of magma is Earth’s
upper mantle, which is composed of rocks that contain
mostly ferromagnesian silicates. Thus magma from this
source contains comparatively less silicon and oxygen
(silica) and more iron and magnesium.

Although there are a few exceptions, the primary
constituent of magma is silica, which varies enough to
distinguish magmas classified as felsic, intermediate,
and mafic.” Felsic magma, with more than 65% silica,
is silica-rich and contains considerable sodium, potas-
sium, and aluminum but little calcium, iron, and mag-
nesium. In contrast, mafic magma, with less than 52%
silica, is silica-poor and contains proportionately more
calcium, iron, and magnesium. And as you would expect,
intermediate magma has a composition between felsic
and mafic magma (Table 4.1).

How Hot Are Magma and Lava?

Everyone knows that lava is very
hot, but how hot is hot? Erupting
lava generally has a temperature
in the range of 1000° to 1200°C,
although a temperature of
1350°C was recorded above a

Calcium, lava lake in Hawaii where vol-
Iron, and canic gases reacted with the at-
Magnesium mosphere. Magma must be even
hotter than lava, but no direct

Increase

*Lava from some volcanoes in Africa cools
to form carbonitite, an igneous rock with at
least 50% carbonate minerals, mostly calcite
and dolomite.
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Image not available due to copyright restrictions

measurements of magma temperatures have ever been
made.

Most lava temperatures are taken at volcanoes that
show little or no explosive activity, so our best informa-
tion comes from mafic lava flows such as those in Hawaii
(M Figure 4.2). In contrast, eruptions of felsic lava are not
as common, and the volcanoes that these flows issue from
tend to be explosive and thus cannot be approached safely.
Nevertheless, the temperatures of some bulbous masses
of felsic lava in lava domes have been measured at a dis-
tance with an optical pyrometer. The surfaces of these
lava domes are as hot as 900°C, but their interiors must
surely be even hotter.

When Mount St. Helens erupted in 1980 in Wash-
ington State, it ejected felsic magma as particulate mat-
ter in pyroclastic flows. Two weeks later, these flows had
temperatures between 300° and 420°C, and a steam ex-
plosion took place more than a year later when water en-
countered some of the still-hot pyroclastic materials.
The reason that lava and magma retain heat so well is
that rock conducts heat so poorly. Accordingly, the inte-
riors of thick lava flows and pyroclastic flow deposits
may remain hot for months or years, whereas plutons,
depending on their size and depth, may not cool com-
pletely for thousands to millions of years.

Viscosity—Resistance to Flow

All liquids have the property of viscosity, or resistance
to flow. For liquids such as water, viscosity is very low
so they are highly fluid and flow readily. For other liq-
uids, though, viscosity is so high that they flow much
more slowly. Good examples are cold motor oil and

syrup, both of which are quite
viscous and thus flow only
with difficulty. But when these
liquids are heated, their vis-
cosity is much lower and they
flow more easily; that is, they
become more fluid with in-
creasing temperature. Accord-
ingly, you might suspect that
temperature controls the vis-
cosity of magma and lava, and
this inference is partly correct.
We can generalize and say that
hot magma or lava moves more
readily than cooler magma or
lava, but we must qualify this
statement by noting that tem-
perature is not the only control
of viscosity.

Silica content strongly
controls magma and lava vis-
cosity. With increasing silica
content, numerous networks
of silica tetrahedra form and

retard flow because for flow to take place, the strong
bonds of the networks must be ruptured. Mafic magma
and lava with 45-52% silica have fewer silica tetrahedra
networks and as a result are more mobile than felsic
magma and lava flows. One mafic flow in 1783 in Ice-
land flowed about 80 km, and geologists traced ancient
flows in Washington State for more than 500 km. Felsic
magma, in contrast, because of its higher viscosity, does
not reach the surface as commonly as mafic magma. And
when felsic lava flows do occur, they tend to be slow
moving and thick and to move only short distances. A
thick, pasty lava flow that erupted in 1915 from Lassen
Peak in California flowed only about 300 m before it
ceased moving,.

HOW DOES MAGMA
ORIGINATE
AND CHANGE?

ost of us have not witnessed a volcanic

eruption, but we have nevertheless seen

news reports or documentaries showing
magma issuing forth as lava flows or pyroclastic materi-
als. In any case, we are familiar with some aspects of ig-
neous activity, but most people are unaware of how and
where magma originates, how it rises from its place of
origin, and how it might change. Indeed, many believe
the misconception that lava comes from a continuous
layer of molten rock beneath the crust or that it comes
from Earth’s molten outer core.
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First, let us address how and where magma origi-
nates. We know that the atoms in a solid are in constant
motion and that, when a solid is heated, the energy of
motion exceeds the binding forces and the solid melts.
We are all familiar with this phenomenon, and we are
also aware that not all solids melt at the same tempera-
ture. Once magma forms, it tends to rise because it is
less dense than the rock that melted, and some actually
makes it to the surface.

Magma may come from 100 to 300 km deep, but
most forms at much shallower depths in the upper
mantle or lower crust and accumulates in reservoirs
known as magma chambers. Beneath spreading
ridges, where the crust is thin, magma chambers exist
at a depth of only a few kilometers, but along conver-
gent plate boundaries, magma chambers are com-
monly a few tens of kilometers deep. The volume of a
magma chamber ranges from a few to many hundreds
of cubic kilometers of molten rock within the other-
wise solid lithosphere. Some simply cools and crystal-
lizes within Earth’s crust, thus
accounting for the origin of
various plutons, whereas
some rises to the surface and
is erupted as lava flows or py-
roclastic materials.

Olivine

Reaction l

Bowen’s Reaction

In the discontinuous branch, which contains only
ferromagnesian silicates, one mineral changes to an-
other over specific temperature ranges (Figure 4.3). As
the temperature decreases, a temperature range is
reached in which a given mineral begins to crystallize.
A previously formed mineral reacts with the remaining
liquid magma (the melt) so that it forms the next min-
eral in the sequence. For instance, olivine
[(Mg,Fe),Si0O,] is the first ferromagnesian silicate to
crystallize. As the magma continues to cool, it reaches
the temperature range at which pyroxene is stable; a
reaction occurs between the olivine and the remaining
melt, and pyroxene forms.

With continued cooling, a similar reaction takes
place between pyroxene and the melt, and the pyroxene
structure is rearranged to form amphibole. Further cool-
ing causes a reaction between the amphibole and the
melt, and its structure is rearranged so that the sheet
structure of biotite mica forms. Although the reactions
just described tend to convert one mineral to the next in

Types of
magma

Calcium-rich
plagioclase

Series

Pyroxene
(augite)

Mafic
(45-52% silica)

During the early part of the
last century, N. L. Bowen hy-
pothesized that mafic, inter-
mediate, and felsic magmas
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could all derive from a parent
mafic magma. He knew that

Amphibole
(hornblende)

Intermediate
(53-65% silica)

minerals do not all crystallize
simultaneously from cooling
magma, but rather crystallize
in a predictable sequence.
Based on his observations
and laboratory experiments,
Bowen proposed a mecha-
nism, now called Bowen’s re-
action series, to account for
the derivation of intermediate
and felsic magmas from mafic
magma. Bowen’s reaction se-
ries consists of two branches:
a discontinuous branch and a
continuous branch (M Figure
4.3). As the temperature of
magma decreases, minerals
crystallize along both branches
simultaneously, but for conve-
nience we will discuss them
separately.

Decreasing
temperature

M Figure 4.3

the two branches.

Reaction l

Sodium-rich
plagioclase

Biotite
mica

Felsic
(>65% silica)

Potassium
feldspar

Muscovite
mica

Quartz

Bowen's reaction series consists of a discontinuous branch along which a succession of
ferromagnesian silicates crystallize as the magma’s temperature decreases, and a continuous
branch along which plagioclase feldspars with increasing amounts of sodium crystallize. Notice
also that the composition of the initial mafic magma changes as crystallization takes place along
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What Would You Do

You are a high school science teacher interested in de-
veloping experiments to show your students that

(1) composition and temperature affect the viscosity of
a lava flow, and (2) when magma or lava cools, some
minerals crystallize before others. Describe the experi-
ments you might devise to illustrate these points.

the series, the reactions are not always complete.
Olivine, for example, might have a rim of pyroxene, indi-
cating an incomplete reaction. If magma cools rapidly
enough, the early-formed minerals do not have time to
react with the melt, and thus all the ferromagnesian sili-
cates in the discontinuous branch can be in one rock. In
any case, by the time biotite has crystallized, essentially
all the magnesium and iron present in the original
magma have been used up.

Plagioclase feldspars, which are nonferromagne-
sian silicates, are the only minerals in the continuous
branch of Bowen’s reaction series (Figure 4.3).
Calcium-rich plagioclase crystallizes first. As the
magma continues to cool, calcium-rich plagioclase re-
acts with the melt, and plagioclase containing propor-
tionately more sodium crystallizes until all of the
calcium and sodium are used up. In many cases, cool-
ing is too rapid for a complete transformation from
calcium-rich to sodium-rich plagioclase to take place.
Plagioclase forming under these conditions is zoned,
meaning that it has a calcium-rich core surrounded by
zones progressively richer in sodium.

As minerals crystallize simultaneously along the two
branches of Bowen’s reaction series, iron and magne-
sium are depleted because they are used in ferromagne-
sian silicates, whereas calcium and sodium are used up
in plagioclase feldspars. At this point, any leftover
magma is enriched in potassium, aluminum, and silicon,
which combine to form orthoclase (KAISi;Og), a potas-
sium feldspar, and if water pressure is high, the sheet
silicate muscovite forms. Any remaining magma is en-
riched in silicon and oxygen (silica) and forms the min-
eral quartz (SiO,). The crystallization of orthoclase and
quartz is not a true reaction series because they form in-
dependently rather than by a reaction of orthoclase with
the melt.

The Origin of Magma
at Spreading Ridges
One fundamental observation regarding the origin of

magma is that Earth’s temperature increases with
depth. Known as the geothermal gradient, this tempera-

ture increase averages about 25°C/km. Accordingly,
rocks at depth are hot but remain solid because their
melting temperature rises with increasing pressure
(M Figure 4.4a). However, beneath spreading ridges the
temperature locally exceeds the melting temperature, at
least in part because pressure decreases. That is, plate sep-
aration at ridges probably causes a decrease in pressure on
the already hot rocks at depth, thus initiating melting (Fig-
ure 4.4a). In addition, the presence of water decreases the
melting temperature beneath spreading ridges because
water aids thermal energy in breaking the chemical bonds
in minerals (Figure 4.4b).

Localized, cylindrical plumes of hot mantle mater-
ial, called mantle plumes, rise beneath spreading ridges
and elsewhere, and as they rise, pressure decreases and
melting begins, thus yielding magma. Magma formed be-
neath spreading ridges is invariably mafic (45-52% sil-
ica). But the upper mantle rocks from which this magma
is derived are characterized as ultramafic (<45% silica),
consisting largely of ferromagnesian silicates and lesser
amounts of nonferromagnesian silicates. To explain how
mafic magma originates from ultramafic rock, geologists
propose that the magma forms from source rock that
only partially melts. This phenomenon of partial melting
takes place because not all of the minerals in rocks melt
at the same temperature.

Recall the sequence of minerals in Bowen’s reaction
series (Figure 4.3). The order in which these minerals melt
is the opposite of their order of crystallization. Accordingly,
rocks made up of quartz, potassium feldspar, and sodium-
rich plagioclase begin melting at lower temperatures than
those composed of ferromagnesian silicates and the calcic
varieties of plagioclase. So when ultramafic rock starts to
melt, the minerals richest in silica melt first, followed by

Melting curve Wet melting Dry melting
curve curve
| | )
o Solid o Solid
5 5
[} [}
[} [}
2 o
a o
Liquid
Temperature —> Temperature —>
(a) (b)
M Figure 4.4

The effects of pressure and temperature on melting. (a) As pressure
decreases, even when temperature remains constant, melting takes
place. The black circle represents rock at high temperature. The
same rock (open circle) melts at lower pressure. (b) If water is
present, the melting curve shifts to the left because water provides
an additional agent to break chemical bonds. Accordingly, rocks
melt at a lower temperature (green melting curve) if water is
present.
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M Figure 4.5

Both intrusive and extrusive igneous activity take place at divergent plate boundaries (spreading ridges) and where plates are subducted at
convergent plate boundaries. Oceanic crust is composed largely of plutons and dark igneous rocks that cooled from submarine lava flows.
Magma forms where an oceanic plate is subducted beneath another oceanic plate or beneath a continental plate as shown here. Much of

the magma forms plutons, but some is erupted to form volcanoes (see Chapter 5).

those containing less silica. Therefore, if melting is not
complete, mafic magma containing proportionately more
silica than the source rock results.

Subduction Zones and the Origin
of Magma

Another fundamental observation regarding magma
is that, where an oceanic plate is subducted beneath
either a continental plate or another oceanic plate, a
belt of volcanoes and plutons is found near the lead-
ing edge of the overriding plate (M Figure 4.5). It
would seem, then, that subduction and the origin of
magma must be related in some way, and indeed they
are. Furthermore, magma at these convergent plate
boundaries is mostly intermediate (53—65% silica) or
felsic (>65% silica).

Once again, geologists invoke the phenomenon of
partial melting to explain the origin and composition of
magma at subduction zones. As a subducted plate de-
scends toward the asthenosphere, it eventually reaches
the depth where the temperature is high enough to initi-
ate partial melting. In addition, the oceanic crust de-
scends to a depth at which dewatering of hydrous
minerals takes place, and as the water rises into the over-
lying mantle, it enhances melting and magma forms
(Figure 4.4b).

Recall that partial melting of ultramafic rock at
spreading ridges yields mafic magma. Similarly, partial

melting of mafic rocks of the oceanic crust yields inter-
mediate (53—65% silica) and felsic (>65% silica) mag-
mas, both of which are richer in silica than the source
rock. Moreover, some of the silica-rich sediments and
sedimentary rocks of continental margins are probably
carried downward with the subducted plate and con-
tribute their silica to the magma. Also, mafic magma ris-
ing through the lower continental crust must be
contaminated with silica-rich materials, which changes
its composition.

Processes That Bring About
Compositional Changes in Magma

Once magma forms, its composition may change by
crystal settling, which involves the physical separation
of minerals by crystallization and gravitational settling
(M Figure 4.6). Olivine, the first ferromagnesian silicate to
form in the discontinuous branch of Bowen’s reaction se-
ries, has a density greater than the remaining magma and
tends to sink. Accordingly, the remaining magma becomes
richer in silica, sodium, and potassium because much of
the iron and magnesium were removed as olivine and per-
haps pyroxene minerals crystallized.

Although crystal settling does take place, it does not
do so on a scale that would yield very much felsic magma
from mafic magma. In some thick, sheetlike plutons
called sills, the first-formed ferromagnesian silicates are
indeed concentrated in their lower parts, thus making
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Magma chamber Assimilated pieces

of country rock

Crystal
settling

M Figure 4.6

(a) Early-formed ferromagnesian silicates are denser than the
magma and settle and accumulate in the magma chamber.
Fragments of rock dislodged by upward-moving magma may
melt and be incorporated into the magma, or they may remain
as inclusions. (b) Dark inclusions in granitic rock.

their upper parts less mafic. But even in these plutons,
crystal settling has yielded very little felsic magma.

If felsic magma could be derived on a large scale
from mafic magma, there should be far more mafic
magma than felsic magma. To yield a particular volume
of granite (a felsic igneous rock), about 10 times as
much mafic magma would have to be present initially
for crystal settling to yield the volume of granite in ques-
tion. If this were so, then mafic intrusive igneous rocks
should be much more common than felsic ones. How-
ever, just the opposite is the case, so it appears that
mechanisms other than crystal settling must account for
the large volume of felsic magma. Partial melting of
mafic oceanic crust and silica-rich sediments of conti-
nental margins during subduction yields magma richer
in silica than the source rock. Furthermore, magma ris-
ing through the continental crust absorbs some felsic
materials and becomes more enriched in silica.

The composition of magma also changes by assim-
ilation, a process by which magma reacts with preex-
isting rock, called country rock, with which it comes
in contact (Figure 4.6). The walls of a volcanic conduit
or magma chamber are, of course, heated by the adjacent
magma, which may reach temperatures of 1300°C. Some
of these rocks partly or completely melt, provided their
melting temperature is lower than that of the magma.
Because the assimilated rocks seldom have the same
composition as the magma, the composition of the
magma changes.

/ Country rock

/lnclusion

Sue Monroe

The fact that assimilation occurs is indicated by in-
clusions, incompletely melted pieces of rock that are
fairly common in igneous rocks. Many inclusions were
simply wedged loose from the country rock as magma
forced its way into preexisting fractures (Figure 4.6). No
one doubts that assimilation takes place, but its effect on
the bulk composition of magma must be slight. The rea-
son is that the heat for melting comes from the magma
itself, and this has the effect of cooling the magma. Only
a limited amount of rock can be assimilated by magma,
and that amount is insufficient to bring about a major
compositional change.

Neither crystal settling nor assimilation can produce
a significant amount of felsic magma from a mafic one.
But both processes, if operating concurrently, can bring
about greater changes than either process acting alone.
Some geologists think that this is one way that interme-
diate magma forms where oceanic lithosphere is sub-
ducted beneath continental lithosphere.

A single volcano can erupt lavas of different compo-
sition, indicating that magmas of differing composition
are present. It seems likely that some of these magmas
would come into contact and mix with one another. If
this is the case, we would expect that the composition of
the magma resulting from magma mixing would be a
modified version of the parent magmas. Suppose rising
mafic magma mixes with felsic magma of about the same
volume (M Figure 4.7). The resulting “new” magma would
have a more intermediate composition.
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M Figure 4.7

Magma mixing. Two magmas mix and produce magma with a
composition different from either of the parent magmas. In this
case, the resulting magma would have an intermediate
composition.

IGNEOUS ROCKS—THEIR
CHARACTERISTICS
AND CLASSIFICATION

e have already defined plutonic or intru-

sive igneous rocks and volcanic or extru-

sive igneous rocks. Here we will have
considerably more to say about the texture, composi-
tion, and classification of these rocks, which constitute
one of the three major rock families depicted in the rock
cycle (see Figure 1.12).

Igneous Rock Textures

The term texture refers to the size, shape, and arrange-
ment of the minerals that make up igneous rocks. Size
is the most important because mineral crystal size is re-
lated to the cooling history of magma or lava and gener-
ally indicates whether an igneous rock is volcanic or
plutonic. The atoms in magma and lava are in constant
motion, but when cooling begins, some atoms bond to
form small nuclei. As other atoms in the liquid chemi-
cally bond to these nuclei, they do so in an orderly geo-
metric arrangement and the nuclei grow into crystalline
mineral grains, the individual particles that make up ig-
neous rocks.

During rapid cooling, as takes place in lava flows,
the rate at which mineral nuclei form exceeds the rate
of growth and an aggregate of many small mineral
grains is formed. The result is a fine-grained or
aphanitic texture, in which individual minerals are too
small to be seen without magnification (B Figure 4.8a, b).
With slow cooling, the rate of growth exceeds the rate of

nuclei formation, and relatively large mineral grains form,
thus yielding a coarse-grained or phaneritic texture, in
which minerals are clearly visible (Figure 4.8c, d).
Aphanitic textures generally indicate an extrusive origin,
whereas rocks with phaneritic textures are usually intru-
sive. However, shallow plutons might have an aphanitic
texture, and the rocks that form in the interiors of thick
lava flows might be phaneritic.

Another common texture in igneous rocks is one
termed porphyritic, in which minerals of markedly dif-
ferent size are present in the same rock. The larger min-
erals are phenocrysts and the smaller ones collectively
make up the groundmass, which is simply the grains be-
tween phenocrysts (Figure 4.8e, f). The groundmass can
be either aphanitic or phaneritic; the only requirement
for a porphyritic texture is that the phenocrysts be con-
siderably larger than the minerals in the groundmass.
Igneous rocks with porphyritic textures are designated
porphyry, as in basalt porphyry. These rocks have more
complex cooling histories than those with aphanitic or
phaneritic textures that might involve, for example,
magma partly cooling beneath the surface followed by
its eruption and rapid cooling at the surface.

Lava may cool so rapidly that its constituent atoms
do not have time to become arranged in the ordered,
three-dimensional frameworks of minerals. As a conse-
quence natural glass such as obsidian forms (Figure
4.8g). Even though obsidian with its glassy texture is not
composed of minerals, geologists nevertheless classify it
as an igneous rock.

Some magmas contain large amounts of water vapor
and other gases. These gases may be trapped in cooling
lava where they form numerous small holes or cavities
known as vesicles; rocks with many vesicles are termed
vesicular, as in vesicular basalt (Figure 4.8h).

A pyroclastic or fragmental texture characterizes
igneous rocks formed by explosive volcanic activity (Fig-
ure 4.8i). For example, ash discharged high into the at-
mosphere eventually settles to the surface where it
accumulates; if consolidated, it forms pyroclastic ig-
neous rock.

Composition of Igneous Rocks

Most igneous rocks, like the magma from which they
originate, are characterized as mafic (45-52% silica),
intermediate (53—65% silica), or felsic (>65% silica). A
few are referred to as ultramafic (<45% silica), but
these are probably derived from mafic magma by a
process discussed later. The parent magma plays an im-
portant role in determining the mineral composition of
igneous rocks, yet it is possible for the same magma to
yield a variety of igneous rocks because its composition
can change as a result of the sequence in which miner-
als crystallize, or by crystal settling, assimilation, and
magma mixing (Figures 4.3, 4.6, and 4.7).
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Rapid cooling

Slow cooling
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The various textures of igneous rocks. Texture is one criterion used to classify igneous rocks. (a, b) Rapid cooling as in lava flows results in
many small minerals and an aphanitic (fine-grained) texture. (c, d) Slower cooling in plutons yields a phaneritic texture. (e, f) These
porphyritic textures indicate a complex cooling history. (g) Obsidian has a glassy texture because magma cooled too quickly for mineral
crystals to form. (h) Gases expand in lava and yield a vesicular texture. (i) Microscopic view of an igneous rock with a fragmental texture. The
colorless, angular objects are pieces of volcanic glass measuring up to 2 mm.

Classifying Igneous Rocks

Geologists use texture and composition to classify most
igneous rocks. Notice in M Figure 4.9 that all rocks ex-
cept peridotite are in pairs; the members of a pair have the
same composition but different textures. Basalt and gab-
bro, andesite and diorite, and rhyolite and granite are com-
positional (mineralogical) pairs, but basalt, andesite, and
rhyolite are aphanitic and most commonly extrusive (vol-
canic), whereas gabbro, diorite, and granite are phaneritic

and mostly intrusive (plutonic). The extrusive and intru-
sive members of each pair can usually be distinguished by
texture, but remember that rocks in some shallow plutons
may be aphanitic and rocks that formed in thick lava flows
may be phaneritic. In other words, all of these rocks exist
in a textural continuum.

The igneous rocks in Figure 4.9 are also differenti-
ated by composition—that is, by their mineral content.
Reading across the chart from rhyolite to andesite to
basalt, for example, we see that the proportions of non-
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Classification of igneous rocks. This Magma

diagram shows the percentages of
minerals as well as the textures of
common igneous rocks. For example, an
aphanitic (fine-grained) rock of mostly
calcium-rich plagioclase and pyroxene is

basalt. Silica increases

ferromagnesian and ferromagnesian silicates change.
The differences in composition, however, are gradual
along a compositional continuum. In other words,
there are rocks with compositions that correspond to
the lines between granite and diorite, basalt and an-
desite, and so on.

Ultramafic Rocks Ultramafic rocks (<45% silica) are
composed largely of ferromagnesian silicates. The ultra-
mafic rock peridotite contains mostly olivine, lesser
amounts of pyroxene, and usually a little plagioclase
feldspar (Figures 4.9 and M 4.10). Pyroxenite, another
ultramafic rock, is composed predominately of pyroxene.
Because these minerals are dark, the rocks are generally
black or dark green. Peridotite is probably the rock type
that makes up the upper mantle (see Chapter 9). Ultra-
mafic rocks in Earth’s crust probably originate by concen-
tration of the early-formed ferromagnesian minerals that
separated from mafic magmas.

Ultramafic lava flows are known in
rocks older than 2.5 billion years, but
younger ones are rare or absent. The
reason is that to erupt, ultramafic lava
must have a near-surface temperature
of about 1600°C; the surface tem-
peratures of present-day mafic lava
flows are between 1000° and
1200°C. During early Earth history,
though, more radioactive decay heated
the mantle to as much as 300°C hotter

Darkness and specific gravity increase

than now and ultramafic lavas could erupt onto the sur-
face. Because the amount of heat has decreased over
time, Earth has cooled, and eruptions of ultramafic lava
flows ceased.

Basalt-Gabbro Basalt and gabbro are the aphanitic
and phaneritic rocks, respectively, that crystallize from
mafic magma (45-52% silica) (M Figure 4.11). Thus,
both have the same composition—mostly calcium-rich
plagioclase and pyroxene, with smaller amounts of olivine
and amphibole (Figure 4.9). Because they contain a large
proportion of ferromagnesian silicates, basalt and gabbro
are dark; those that are porphyritic typically contain cal-
cium plagioclase or olivine phenocrysts.

Extensive basalt lava flows cover vast areas in Wash-
ington, Oregon, Idaho, and northern California (see
Chapter 5). Oceanic islands such as Iceland, the Gala-
pagos, the Azores, and the Hawaiian Islands are com-

posed mostly of basalt, and basalt makes up the
upper part of the oceanic crust.

M Figure 4.10

This specimen of the ultramafic rock
peridotite is made up mostly of olivine.
Notice in Figure 4.9 that peridotite is the only
phaneritic rock that does not have an
aphanitic counterpart. Peridotite is rare at
Earth’s surface but is very likely the rock
making up the mantle. Source: Sue Monroe
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Sue Monroe

(a) Basalt

M Figure 4.11

Sue Monroe

(b) Gabbro

Mafic igneous rocks. (a) Basalt is aphanitic, whereas (b) gabbro is phaneritic. Notice the light reflected from the crystal faces in (b). Both

basalt and gabbro have the same mineral composition (see Figure 4.9).

Gabbro is much less common than basalt, at least
in the continental crust or where it can be easily ob-
served. Small intrusive bodies of gabbro are present in
the continental crust, but intermediate to felsic intru-
sive rocks are much more common. The lower part of
the oceanic crust is composed of gabbro, however.

Andesite-Diorite Intermediate composition magma
(53-65% silica) crystallizes to form andesite and diorite,
which are compositionally equivalent fine- and coarse-
grained igneous rocks (M Figure 4.12). Andesite and dior-
ite are composed predominately of plagioclase feldspar,
with the typical ferromagnesian component being amphi-
bole or biotite (Figure 4.9). Andesite is generally medium
to dark gray, but diorite has a salt-and-pepper appearance
because of its white to light gray plagioclase and dark fer-
romagnesian silicates (Figure 4.12).

Andesite is a common extrusive igneous rock
formed from lava erupted in volcanic chains at conver-
gent plate boundaries. The volca-
noes of the Andes Mountains of

Sue Monroe
Sue Monroe

(a) Andesite

M Figure 4.12

Intermediate igneous rocks. (a) Andesite has hornblende
phenocrysts, so this is andesite porphyry. (b) Diorite has a salt-and-
pepper appearance because it contains light-colored
nonferromagnesian silicates and dark-colored ferromagnesian
silicates.

(b) Diorite

South America and the Cascade Range in western
North America are composed in part of andesite. Intru-
sive bodies of diorite are fairly common in the continen-
tal crust.

Rhyolite-Granite Rhyolite and granite crystallize
from felsic magma (>65% silica) and are therefore
silica-rich rocks (M Figure 4.13). They consist largely
of potassium feldspar, sodium-rich plagioclase, and
quartz, with perhaps some biotite and rarely amphi-
bole (Figure 4.9). Because nonferromagnesian sili-
cates predominate, rhyolite and granite are typically
light colored. Rhyolite is fine grained, although most
often it contains phenocrysts of potassium feldspar or
quartz, and granite is coarse grained. Granite porphyry
is also fairly common.

Rhyolite lava flows are much less common than an-
desite and basalt flows. Recall that the greatest control
of magma viscosity is silica content. Thus, if felsic

magma rises to the surface, it begins to cool, the pres-
sure on it decreases, and gases are released
explosively, usually yielding rhyolitic py-
roclastic materials. The rhyolitic lava
flows that do occur are thick and
highly viscous and move only
short distances.
Granite is a coarsely
crystalline igneous rock with
a composition correspond-
ing to that of the field shown
in Figure 4.9. Strictly speak-
ing, not all rocks in this field
are granites. For example, a rock with a
composition close to the line separating granite and dior-
ite is called granodiorite. To avoid the confusion that
might result from introducing more rock names, we will
follow the practice of referring to rocks to the left of the
granite-diorite line in Figure 4.9 as granitic.
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s
(a) Rhyolite
2
(b) Granite
M Figure 4.13

Felsic igneous rocks. (a) Rhyolite and (b) granite are typically light
colored because they contain mostly nonferromagnesian silicates.
The dark spots in the granite are biotite mica. The white and pinkish
minerals are feldspars, whereas the glassy minerals are quartz.

Granitic rocks are by far the most common intrusive
igneous rocks, although they are restricted to the conti-
nents. Most granitic rocks were intruded at or near con-
during mountain-building
episodes. When these mountainous regions are uplifted

vergent plate margins

and eroded, the vast bodies of granitic rocks forming
their cores are exposed. The granitic rocks of the Sierra
Nevada of California form a composite body measuring
about 640 km long and 110 km wide, and the granitic
rocks of the Coast Ranges of British Columbia, Canada,
are even more voluminous.

Pegmatite The term pegmatite refers to a particular
texture rather than a specific composition, but most

pegmatites are composed largely of quartz, potassium
feldspar, and sodium-rich plagioclase, thus correspond-
ing closely to granite. A few pegmatites are mafic or in-
termediate in composition and are appropriately called
gabbro and diorite pegmatites. The most remarkable fea-
ture of pegmatites is the size of their minerals, which
measure at least 1 cm across, and in some pegmatites
they measure tens of centimeters or meters (M Figure
4.14). Many pegmatites are associated with large granite
intrusive bodies and are composed of minerals that formed
from the water-rich magma that remained after most of
the granite crystallized.

When magma cools and forms granite, the remain-
ing water-rich magma has properties that differ from the
magma from which it separated. It has a lower density
and viscosity and commonly invades the adjacent rocks
where minerals crystallize. This water-rich magma also
contains a number of elements that rarely enter into the
common minerals that form granite. Pegmatites that are
essentially very coarsely crystalline granite are simple
pegmatites, whereas those with minerals containing ele-
ments such as lithium, beryllium, cesium, boron, and
several others are complex pegmatites. Some complex
pegmatites contain 300 different mineral species, a few
of which are important economically. In addition, sev-
eral gem minerals such as emerald and aquamarine,
both of which are varieties of the silicate mineral beryl,
and tourmaline are found in some pegmatites. Many
rare minerals of lesser value and well-formed crystals of
common minerals, such as quartz, are also mined and
sold to collectors and museums.

The formation and growth of mineral-crystal nuclei
in pegmatites are similar to those processes in other
magmas but with one critical difference: The water-rich
magma from which pegmatites crystallize inhibits the
formation of nuclei. However, some nuclei do form, and
because the appropriate ions in the liquid can move eas-
ily and attach themselves to a growing crystal, individual
minerals have the opportunity to grow very large.

Other Igneous Rocks A few igneous rocks, includ-
ing tuff, volcanic breccia, obsidian, pumice, and scoria
are identified primarily by their textures (M Figure 4.15).
Much of the fragmental material erupted by volcanoes is
ash, a designation for pyroclastic materials measuring less
than 2.0 mm, most of which consists of broken pieces or
shards of volcanic glass (Figure 4.8i). The consolidation of
ash forms the pyroclastic rock tuff (B Figure 4.16a). Most
tuff is silica-rich and light colored and is appropriately
called rhyolite tuff. Some ash flows are so hot that as they
come to rest, the ash particles fuse together and form a
welded tuff. Consolidated deposits of larger pyroclastic ma-
terials, such as cinders, blocks, and bombs, are volcanic
breccia (Figure 4.15).

Both obsidian and pumice are varieties of volcanic
glass (Figure 4.16b, ¢). Obsidian may be black, dark

gray, red, or brown, depending on the presence of iron.
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(a)

M Figure 4.14

Sue Monroel

(b)

(a) The light-colored rock is pegmatite exposed in the Black Hills of South Dakota. (b) A closeup view of a pegmatite specimen with minerals
measuring 2 to 3 cm across. This is a simple pegmatite that has a composition much like that of granite.

Obsidian breaks with the conchoidal (smoothly curved)
fracture typical of glass. Analyses of many samples indi-
cate that most obsidian has a high silica content and is
compositionally similar to rhyolite.

Pumice is a variety of volcanic glass containing nu-
merous vesicles that develop when gas escapes
through lava and forms a froth (Figure 4.16¢). If
pumice falls into water, it can be carried great dis-
tances because it is so porous and light that it floats.
Another vesicular rock is scoria. It is more crystalline
and denser than pumice, but it has more vesicles than

solid rock (Figure 4.16d).

& Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Rock Labora-
tory” (click Rocks and the Rock Cycle—Rock Laboratory).

What Would You Do

As the only member of your community with any geol-
ogy background, you are considered the local expert on
minerals and rocks. Suppose one of your friends brings
you a rock specimen with the following features—com-
position: mostly potassium feldspar and plagioclase
feldspar with about 10% quartz and minor amounts of
biotite; texture: minerals average 3 mm across, but sev-
eral potassium feldspars are up to 3 cm. Give the speci-
men a rock name and tell your friend as much as you
can about the rock’s history. Why are the minerals so
large?

Composition Felsic Mafic
Vesicular Pumice Scoria
o
*;3< Glassy Obsidian
2
Pyroclastic <«— Volcanic Breccia ——
or
fragmental Tuff/welded tuff
M Figure 4.15

Classification of igneous rocks for which texture is the main
consideration. Composition is shown, but it is not essential for
naming these rocks.

PLUTONS—THEIR
CHARACTERISTICS
AND ORIGINS

nlike volcanism and the origin of volcanic
rocks, we can study intrusive igneous activity
only indirectly because plutons, intrusive ig-
neous bodies, form when magma cools and crystallizes
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(a) Tuff

Sue Monroe

(c) Pumice

within Earth’s crust (see “Plutons” on pages 102 and
103). We can observe them only after erosion has ex-
posed them at the surface. Furthermore, geolgists can-
not duplicate the conditions under which plutons form
except in small laboratory experiments. Accordingly, ge-
ologists face a greater challenge in interpreting the
mechanisms whereby plutons form. Magma that cools
to form plutons is emplaced in Earth’s crust mostly at
convergent and divergent plate boundaries, which are
also areas of volcanism.

Geologists recognize several types of plutons based
on their geometry (three-dimensional shape) and rela-
tionships to the country rock. In terms of their geome-
try, plutons are massive (irregular), tabular, cylindrical,
or mushroom-shaped. Plutons are also either concor-
dant, meaning they have boundaries that parallel the
layering in the country rock, or discordant, with bound-
aries that cut across the country rock’s layering (see
“Plutons” on pages 102 and 103).

Sue Monroe

(b) Obsidian

M Figure 4.16

Examples of igneous rocks
classified primarily by their
texture. (a) Tuff is made up of
pyroclastic materials such as
those shown in Figure 4.8i.
(b) The natural glass obsidian.
(c) Pumice is glassy and
extremely vesicular. (d) Scoria
is also vesicular, but it is
darker, denser, and more

(d) Scoria crystalline than pumice.

Dikes and Sills

Dikes and sills are tabular or sheetlike plutons, differ-
ing only in that dikes are discordant whereas sills are
concordant (see “Plutons” on pages 102 and 103).
Dikes are quite common; most of them are small bodies
measuring 1 or 2 m across, but they range from a few
centimeters to more than 100 m thick. Invariably they
are emplaced within preexisting fractures or where fluid
pressure is great enough for them to form their own
fractures.

Erosion of the Hawaiian volcanoes exposes dikes in
rift zones, the large fractures that cut across these vol-
canoes. The Columbia River basalts in Washington State
(discussed in Chapter 5) issued from long fissures, and
magma that cooled in the fissures formed dikes. Some
of the large historic fissure eruptions are underlain by
dikes; for example, dikes underlie both the Laki fissure
eruption of 1783 in Iceland and the Eldgja fissure, also



Plutons

Intrusive bodies called plutons are common, but
we see them at the surface only after deep
erosion. Notice that they vary in geometry and
their relationships to the country rock.

Cinder cone Lava flow

Volcanic neck )
———— Composite volcano

———— Volcanic pipe

— Sill

Dike
Magma

Stock  Batholith  Laccolith

Block diagram showing various plutons. Some plutons cut across the
layering in country rock and are discordant, whereas others parallel the
layering and are concordant.

Part of the Sierra Nevada batholith in
Yosemite National Park, California. The
batholith, consisting of multiple intrusions
of granitic rock, is more than 600 km long
and up to 110 km wide. To appreciate the
scale in this image, the waterfall has a
descent of 435 m.

A volcanic neck in Monument Valley Tribal Park, Arizona.
This landform is 457 m high. Most of the original volcano

was eroded, leaving only this remnant.

James S. Monroe

Granitic rocks of a small
stock at Castle Crags
State Park, California.

James S. Monroe

Sue Monroe



The dark materials in
this image are igneous
rocks, whereas the
light layers are
sedimentary. Notice
that the sill parallels
the layering, so it is
concordant. The dike,
though, clearly cuts
across the layering
and is discordant. Sills
and dikes have
sheetlike geometry,
but in this view we can
see them in only two
dimensions.

Dike

Martin G. Miller/ Visuals Unlimited

Image not available due to copyright restrictions

Diagrams showing
the evolution of an
eroded laccolith.

Sill

Eroded laccolith

103
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Some Remarkable Volcanic Necks

e mentioned that as
an extinct volcano
weathers and
erodes, a remnant of
the original mountain may persist as
a volcanic neck. The origin of volcanic
necks is well known, but these iso-
lated monoliths rising above other-
wise rather flat land are scenic,
awe-inspiring, and the subject of leg-
ends. They are found in many areas
of recently active volcanism. A small
volcanic neck rising only 79 m above
the surface in the town of Le Puy,
France, is the site of the 11th-century
chapel of Saint Michel d'Aiguilhe
(m Figure 1). It is so steep that materi-
als and tools used in its construction
had to be hauled up in baskets.
Perhaps the most famous vol-
canic neck in the United States is
Shiprock, New Mexico, which rises
nearly 550 m above the surrounding
plain and is visible from 160 km
away. Radiating outward from this
conical structure are three vertical
dikes that stand like walls above the
adjacent countryside (M Figure 2a).

According to one legend, Shiprock,
or Tsae-bidahi, meaning "winged
rock,” represents a giant bird that
brought the Navajo people from
the north. The same legend holds
that the dikes are snakes that
turned to stone.

An absolute age determined for
one of the dikes indicates that
Shiprock is about 27 million years
old. When the original volcano
formed, apparently during explo-
sive eruptions, rising magma pene-
trated various rocks including the
Mancos Shale, the rock unit now
exposed at the surface adjacent to
Shiprock. The rock that makes up
Shiprock itself is tuff-breccia, con-
sisting of fragmented volcanic
debris as well as pieces of meta-
morphic, sedimentary, and igneous
rocks.

Geologists agree that Devil's
Tower in northeastern Wyoming
cooled from a small body of
magma and that erosion has
exposed it in its present form
(m Figure 2b). However, opinion is

divided on whether it is a volcanic
neck or an eroded laccolith. In ei-
ther case, the rock that makes up
Devil's Tower is 45 to 50 million
years old, and President Theodore
Roosevelt designated this impres-
sive landform as our first national
monument in 1906. At 260 m high,
Devil's Tower is visible from 48 km
away and served as a landmark for
early travelers in this area. It
achieved further distinction in 1977
when it was featured in the film
Close Encounters of the Third Kind.
The Cheyenne and Sioux Indi-
ans call Devil's Tower Mateo
Tepee, meaning "Grizzly Bear
Lodge.” It was also called the
"Bad God's Tower,” and reportedly
“Devil's Tower"” is a translation
from this phrase. The tower's most
conspicuous features are the near-
vertical lines that, according to
Cheyenne legends, are scratch
marks made by a gigantic grizzly
bear. One legend holds that the
bear made the scratches while
pursuing a group of children. An-

in Iceland, where eruptions occurred in A.D. 950 from a
fissure nearly 30 km long.

Concordant sheetlike plutons are sills; many sills
are a meter or less thick, although some are much
thicker. A well-known sill in the United States is the Pal-
isades sill that forms the Palisades along the west side of
the Hudson River in New York and New Jersey. It is ex-
posed for 60 km along the river and is up to 300 m thick.
Most sills were intruded into sedimentary rocks, but
eroded volcanoes also reveal that sills are commonly in-
jected into piles of volcanic rocks. In fact, some infla-
tion of volcanoes preceding eruptions may be caused by
the injection of sills (see Chapter 5).

In contrast to dikes, which follow zones of weak-
ness, sills are emplaced when the fluid pressure is so

great that the intruding magma actually lifts the overly-
ing rocks. Because emplacement requires fluid pressure
exceeding the force exerted by the weight of the overly-
ing rocks, many sills are shallow intrusive bodies, but
some were emplaced deep in the crust.

Laccoliths

Laccoliths are similar to sills in that they are concordant,
but instead of being tabular, they have a mushroomlike
geometry (see “Plutons” on pages 102 and 103). They
tend to have a flat floor and are domed up in their cen-
tral part. Like sills, laccoliths are rather shallow intrusive
bodies that actually lift up the overlying rocks when
magma is intruded. In this case, however, the rock layers
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other tells of six brothers and a
woman also pursued by a grizzly
bear. One brother carried a rock,
and when he sang a song it grew
into Devil's Tower, safely carrying
the brothers and woman out of the
bear's reach.

Richard List/Corbis

M Figure 1 M Figure 2

This volcanic neck in Le Puy, France, rises
79 m above the surrounding surface.
Workers on the Chapel of Saint Michel
d'Aiguilhe had to haul building materials
and tools up in baskets.

Although not nearly as interest-
ing as the Cheyenne legends, the
origin for the “scratch marks” is well
understood. These lines actually
formed at the intersections of

(a)

columnar joints, fractures that form
in response to the cooling and con-
traction that occur in some plutons
and lava flows (see Chapter 5). The
columns outlined by these fractures
are up to 2.5 m across, and the pile
of rubble at the tower's base is sim-
ply an accumulation of collapsed
columns.

(%) Log into Geology-

Now and select this chapter to work
through a Geology Interactive activity
on “Rock Laboratory” (click Rocks and
the Rock Cycle—Rock Laboratory).

Courtesy of Frank Hanna

(b)

(a) Shiprock, a volcanic neck in northwestern New Mexico, rises nearly 550 m above the
surrounding plain. One of the dikes radiating from Shiprock is in the foreground. (b) Devil's
Tower in northeastern Wyoming. The vertical lines result from intersections of fractures called
columnar joints (see Chapter 5).

James S. Monroe

are arched up over the pluton. Most laccoliths are rather
small bodies. Well-known laccoliths in the United States
are in the Henry Mountains of southeastern Utah, and
several buttes in Montana are eroded laccoliths.

Volcanic Pipes and Necks

A volcano has a cylindrical conduit known as a vol-
canic pipe that connects its crater with an underlying
magma chamber. Through this structure magma rises
to the surface. When a volcano ceases to erupt, its
slopes are attacked by water, gases, and acids and it
erodes, but the magma that solidified in the pipe is
commonly more resistant to alteration and erosion.
Consequently, much of the volcano is eroded but the

pipe remains as a remnant called a volcanic neck. Sev-
eral volcanic necks are found in the southwestern
United States, especially in Arizona and New Mexico,
and others are recognized elsewhere (see Geo-Focus
4.1 and “Plutons” on pages 102—103).

Batholiths and Stocks

By definition a batholith, the largest of all plutons, must
have at least 100 km? of surface area, and most are far
larger. A stock, in contrast, is similar but smaller. Some
stocks are simply parts of large plutons that once ex-
posed by erosion are batholiths (see “Plutons” on pages
102 and 103). Both batholiths and stocks are generally
discordant, although locally they may be concordant,
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and batholiths, especially, consist of multiple intrusions.
In other words, a batholith is a large composite body pro-
duced by repeated, voluminous intrusions of magma in
the same region. The coastal batholith of Peru, for in-
stance, was emplaced during a period of 60 to 70 mil-
lion years and is made up of as many as 800 individual
plutons.

The igneous rocks that make up batholiths are
mostly granitic, although diorite may also be present.
Batholiths and stocks are emplaced mostly near conver-
gent plate boundaries during episodes of mountain
building. One example is the Sierra Nevada batholith of
California (see the chapter opening photo), which
formed over millions of years during a mountain-
building episode known as the Nevadan orogeny. Later
uplift and erosion exposed this huge composite pluton
at the surface. Other large batholiths in North America
include the Idaho batholith, the Boulder batholith in
Montana, and the Coast Range batholith in British Co-
lumbia, Canada.

Mineral resources are found in rocks of batholiths
and stocks and in the adjacent country rocks. The cop-
per deposits at Butte, Montana, are in rocks near the
margins of the granitic rocks of the Boulder batholith.
Near Salt Lake City, Utah, copper is mined from the
mineralized rocks of the Bingham stock, a composite
pluton composed of granite and granite porphyry.
Granitic rocks also are the primary source of gold, which
forms from mineral-rich solutions moving through
cracks and fractures of the igneous body.

HOW ARE BATHOLITHS
INTRUDED INTO
EARTH'S CRUST?

eologists realized long ago that the origin

of batholiths posed a space problem. What

happened to the rock that was once in the
space now occupied by a batholith? One proposed an-
swer was that no displacement had occurred, but
rather that batholiths formed in place by alteration of
the country rock through a process called granitiza-
tion. According to this view, granite did not originate
as magma but rather from hot, ion-rich solutions that
simply altered the country rock and transformed it into
granite. Granitization is a solid-state phenomenon, so
it is essentially an extreme type of metamorphism (see
Chapter 7).

Granitization is no doubt a real phenomenon, but
most granitic rocks show clear evidence of an igneous
origin. For one thing, if granitization had taken place,
we would expect the change from country rock to gran-
ite to take place gradually over some distance. However,

in almost all cases no such gradual change can be de-
tected. In fact, most granitic rocks have what geologists
refer to as sharp contacts with adjacent rocks. Another
feature that indicates an igneous origin for granitic rocks
is the alignment of elongate minerals parallel with their
contacts, which must have occurred when magma was
injected.

A few granitic rocks lack sharp contacts and gradu-
ally change in character until they resemble the adjacent
country rock. These probably did originate by granitiza-
tion. In the opinion of most geologists, only small quan-
tities of granitic rock could form by this process, so it
cannot account for the huge volume of granitic rocks of
batholiths. Accordingly, geologists conclude that an ig-
neous origin for almost all granite is clear, but they still
must deal with the space problem.

One solution is that these large igneous bodies
melted their way into the crust. In other words, they sim-
ply assimilated the country rock as they moved upward
(Figure 4.6). The presence of inclusions, especially near
the tops of some plutons, indicates that assimilation
does occur. Nevertheless, as we noted, assimilation is a
limited process because magma cools as country rock is
assimilated. Calculations indicate that far too little heat
is available in magma to assimilate the huge quantities
of country rock necessary to make room for a batholith.

Geologists now generally agree that batholiths were
emplaced by forceful injection as magma moved upward.
Recall that granite is derived from viscous felsic magma
and therefore rises slowly. It appears that the magma de-
forms and shoulders aside the country rock, and as it
rises farther, some of the country rock fills the space be-
neath the magma (M Figure 4.17a). A somewhat analo-
gous situation was discovered in which large masses of
sedimentary rock known as rock salt rise through the over-
lying rocks to form salt domes (Figure 4.17b—d).

Salt domes are recognized in several areas of the
world, including the Gulf Coast of the United States. Lay-
ers of rock salt exist at some depth, but salt is less dense
than most other types of rock materials. When under pres-
sure, it rises toward the surface even though it remains
solid, and as it moves up, it pushes aside and deforms the
country rock. Natural examples of rock salt flowage are
known, and it can easily be demonstrated experimentally.
In the arid Middle East, for example, salt moving up in the
manner described actually flows out at the surface.

Some batholiths do indeed show evidence of hav-
ing been emplaced forcefully by shouldering aside and
deforming the country rock. This mechanism probably
occurs in the deeper parts of the crust where tempera-
ture and pressure are high and the country rocks are
easily deformed in the manner described. At shallower
depths, the crust is more rigid and tends to deform by
fracturing. In this environment, batholiths may move up-
ward by stoping, a process in which rising magma de-
taches and engulfs pieces of country rock (M Figure 4.18).
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M Figure 4.17

Salt
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(a) Emplacement of a pluton by forceful injection. As the magma rises, it shoulders aside and deforms the country rock. (b—d) Three stages in
a somewhat analogous situation when a salt dome forms by upward migration of the rock under pressure.

(a)
M Figure 4.18

(b)

Emplacement of a batholith by stoping. (a) Magma is injected into fractures and planes between layers in the country rock. (b) Blocks of
country rock are detached and engulfed in the magma, thereby making room for the magma to rise farther. Some of the engulfed blocks

might be assimilated, and some may remain as inclusions (Figure 4.6).
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According to this concept, magma moves up along frac-  the magma. No new room is created during stoping; the
tures and the planes separating layers of country rock. ~ magma simply fills the space formerly occupied by country
Eventually, pieces of country rock detach and settle into  rock (Figure 4.18).

GEO
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Chapter Summary

Magma is the term for molten rock below Earth’s
surface, whereas the same material at the surface is
called lava.

Silica content distinguishes among mafic (45-52%
silica), intermediate (53—65% silica), and felsic
(>65% silica) magmas.

Magma and lava viscosity depends on temperature
and especially on composition: The more silica, the
greater the viscosity.

Minerals crystallize from magma and lava when
small crystal nuclei form and grow.

Rapid cooling accounts for the aphanitic textures of
volcanic rocks, whereas comparatively slow cooling
yields the phaneritic textures of plutonic rocks.
Igneous rocks with markedly different sized miner-

als are porphyritic.

Igneous rock composition is determined largely by
the composition of the parent magma, but magma
composition can change so that the same magma
may yield more than one kind of igneous rock.

According to Bowen’s reaction series, cooling mafic
magma yields a sequence of minerals, each of
which is stable within specific temperature ranges.
Only ferromagnesian silicates are found in the dis-
continuous branch of Bowen’s reaction series. The
continuous branch of the reaction series yields only
plagioclase feldspars that become increasingly
enriched in sodium as cooling occurs.

A chemical change in magma may take place as
early-formed ferromagnesian silicates form and,
because of their density, settle in the magma.

Compositional changes also take place in magma
when it assimilates country rock or one magma
mixes with another.

Geologists recognize two broad categories of
igneous rocks: volcanic or extrusive and plutonic or
intrusive.

Texture and composition are the criteria used to
classify igneous rocks, although a few are defined
only by texture.

Crystallization from water-rich magma results in
very large minerals in rocks known as pegmatite.
Most pegmatite has an overall composition similar
to granite.

Intrusive igneous bodies known as plutons vary in
their geometry and their relationships to country
rock: Some are concordant, whereas others are dis-
cordant.

The largest plutons, known as batholiths, consist of
multiple intrusions of magma during long periods
of time.

Most plutons, including batholiths, are found at or
near divergent and convergent plate boundaries.
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Important Terms

aphanitic texture (p. 95)
assimilation (p. 94)
batholith (p. 105)

Bowen’s reaction series (p. 91)
concordant pluton (p. 101)
country rock (p. 94)

crystal settling (p. 93)

dike (p. 101)

discordant pluton (p. 101)
felsic magma (p. 89)
igneous rock (p. 89)
intermediate magma (p. 89)

Review Questions

laccolith (p. 104)

lava flow (p. 89)

mafic magma (p. 89)

magma (p. 89)

magma chamber (p. 91)

magma mixing (p. 94)

phaneritic texture (p. 95)

pluton (p. 100)

plutonic (intrusive igneous) rock
(p- 89)

porphyritic texture (p. 95)

pyroclastic (fragmental) texture
(p- 95)

pyroclastic materials (p. 89)

sill (p. 104)

stock (p. 105)

stoping (p. 106)

vesicle (p. 95)

viscosity (p. 90)

volcanic neck (p. 105)

volcanic pipe (p. 105)

volcanic (extrusive igneous) rock

(p- 89)

A dike is a discordant pluton, whereas a
is concordant.

a. batholith; b. volcanic neck;
c. laccolith; d. stock;
e. ash fall.

An aphanitic igneous rock composed mostly
of pyroxenes and calcium-rich plagioclase is

a. granite; b. obsidian;
c. rhyolite; d. diorite;
e. basalt.

The size of the mineral grains that make up
an igneous rock is a useful criterion for deter-

mining whether the rockis __ _or__

a. volcanic/plutonic;

b. discordant/concordant;

c. vesicular/fragmental;

d. porphyritic/felsic;

e. ultramafic/igneous.

Magma characterized as intermediate

a. flows more readily than mafic magma;
b. has between 53% and 65% silica;

c. crystallizes to form granite and rhyo-
lite; d. cools to form rocks that make up

most of the oceanic crust; e. is one from
which ultramafic rocks are derived.

The phenomenon by which pieces of country
rock are detached and engulfed by rising
magma is known as

a._____ stoping; b. assimilation;

c. magma mixing; d. Bowen'’s reac-
crystal settling.

tion series; e.

An igneous rock that has minerals large
enough to see without magnification is said
to have a(n) texture and is probably

a. laccolithic/pegmatite;

b. fragmental/felsic;
c. isometric/magmatic; d. phaneritic/
plutonic; e._____ fragmental/obsidian.

Which one of the following statements about
batholiths is false?
a. They consist of multiple voluminous
They form mostly at con-
vergent plate boundaries during mountain
building; c.___ They consist of a variety of
volcanic rocks, but especially basalt;
d._____They must have at least 100 km? of
surface area; e._____Though locally concor-
dant, they are mostly discordant.

intrusions; b.
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8.

9.

10.

An igneous rock characterized as a porphyry
is one

a. that formed by crystal settling and as-
similation; b. possessing minerals of
markedly different sizes; c. made up
largely of potassium feldspar and quartz;

d. that forms when pyroclastic materials
are consolidated; e. resulting from very
rapid cooling.

Which pair of igneous rocks have the same
texture?

a. basalt-andesite; b.
lite; c.
diorite; e.

granite-rhyo-
pumice-obsidian; d. tuff-
scoria-lapilli.
One process by which magma changes com-
position is

a. crystal settling; b. rapid cooling;
c. explosive volcanism;
d. fracturing; e. plate convergence.

11.

12.

13.

14.

15.

16.

Two aphanitic igneous rocks have the follow-
ing compositions: Specimen 1: 15% biotite;
15% sodium-rich plagioclase, 60% potassium
feldspar, and 10% quartz. Specimen 2: 10%
olivine, 55% pyroxene, 5% hornblende, and
30% calcium-rich plagioclase. Use Figure 4.9
to classify these rocks. Which would be the
darkest and most dense?

How does a sill differ from a dike? (A diagram
would be helpful.)

How do crystal settling and assimilation bring
about compositional changes in magma?
Also, give evidence that these processes actu-
ally take place.

Describe or diagram the sequence of events
that lead to the origin of a volcanic neck.
Describe a porphyritic texture, and explain
how it might originate.

Why are felsic lava flows so much more vis-
cous than mafic ones?



WORLD WIDE WEB ACTIVITIES III

17. How does a pegmatite form, and why are Given that it all came from a single magma
their mineral crystals so large? injected at one time, how can you account for
18. Compare the continuous and discontinuous its compositional differences?
branches of Bowen’s reaction series. Why are 20. What kind(s) of evidence would you look for
potassium feldspar and quartz not part of ei- to determine whether the granite in a
ther branch? batholith crystallized from magma or origi-
19. You analyze the mineral composition of a nated by granitization?

thick sill and find that it has a mafic lower
part but its upper part is more intermediate.

World Wide Web Activities

@ Assess your understanding of this as well as current and up-to-date weblinks, additional
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OBJECTIVES

At the end of this chapter,
you will have learned that:

In addition to lava flows, erupting
volcanoes eject pyroclastic materials,
especially ash, and various gases.
Geologists identify the basic types of
volcanoes by their eruptive style,
composition, and shape.

Although all volcanoes are unique,
most are identified as shield volcanoes,
cinder cones, or composite volcanoes.

Volcanoes characterized as lava
domes tend to erupt explosively and
thus are dangerous.

Active volcanoes in the United
States are found in Hawaii, Alaska,
and the Cascade Range of the
Pacific Northwest.

Eruptions in Hawaii and Alaska are
commonplace, but only two erup-
tions have occurred in the continen-
tal United States during the 1900s
and one in 2004. Canada has had no
eruptions during historic time.
Some eruptions yield vast sheets of
lava or pyroclastic materials rather
than volcanoes.

Geologists have devised the volcanic
explosivity index as a measure of an
eruption’s size.

Some volcanoes are carefully moni-
tored to help geologists anticipate
eruptions.

Most volcanoes are located in belts
at or near divergent and convergent
plate boundaries.
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o other geologic phenomenon has captured
the public imagination more than volcanism.
Eruptions are featured in television documen-
taries, and movies portray the destruction
wrought by lava flows and explosive volcanism. Depictions of
lava flows in movies notwithstanding, however, humans usually
have little to fear from these incandescent streams of molten
rock, although in 1977 and 2002 lava flows killed dozens of peo-
ple in the Democratic Republic of the Congo. Lava flows may

destroy buildings and roadways and cover otherwise productive
agricultural land, and some eruptions, especially those at con-
vergent plate boundaries, are explosive and pose considerable
danger to nearby populated areas.

One of the best-known volcanic catastrophes ever
recorded was the A.D. 79 eruption of Mount Vesuvius that
destroyed the thriving Roman communities of Pompeii, Her-
culaneum, and Stabiae in what is now ltaly (see the chapter
opening photo and M Figure 5.1). Fortunately for us, Pliny the
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M Figure 5.1

(a) The Mount Vesuvius region on the shore of the Bay of
Naples in Italy. Vesuvius erupted in A.D. 79 and destroyed the
cities of Pompeii, Herculaneum, and Stabiae. (b) The
excavated ruins of Pompeii are a popular tourist attraction.
(c) Body casts of some of the volcano's victims in Pompeii.

Sue Monroe
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Table 5.1

Some Notable Volcanic Eruptions

Date Volcano

Apr. 10, 1815 Tambora, Indonesia

Oct. 8, 1822 Galunggung, Java

Mar. 2, 1856 Awu, Indonesia

Aug. 27, 1883 Krakatau, Indonesia

June 7, 1892 Awu, Indonesia

May 8, 1902 Mount Pelée, Martinique
Oct. 24, 1902 Santa Maria, Guatemala

May 19, 1919 Kelut, Java

Jan. 21, 1951 Lamington, New Guinea

Mar. 17, 1963 Agung, Indonesia

May 18, 1980 Mount St. Helens, Washington
Mar. 28, 1982 El Chichén, Mexico

Nov. 13, 1985 Nevado del Ruiz, Colombia
Aug. 21, 1986 Oku volcanic field, Cameroon

June 15, 1991 Mount Pinatubo, Philippines

July 1999
Jan. 17, 2002

Soufriére Hills, Montserrat
Nyiragongo, Zaire

Younger recorded the event in detail; his uncle, Pliny the Elder,
died while trying to investigate the eruption. In fact, Pliny the
Younger's account is so vivid that Mount Vesuvius and similar
eruptions during which huge quantities of pumice are blasted
into the air are called plinian.

Pompeii, a city of about 20,000 people and only 9 km
downwind from the volcano, was buried in nearly 3 m of py-
roclastic materials that covered all but the tallest buildings
(Figure 5.1). About 2000 victims have been discovered in the
city, but certainly far more were killed. Pompeii was covered
by volcanic debris rather gradually, but surges of incandes-
cent volcanic materials in glowing avalanches swept through
Herculaneum, quickly burying the town to a depth of about
20 m. Since A.D. 79, Mount Vesuvius has erupted 80 times,
most violently in 1631 and 1906; it last erupted in 1944. On-
going volcanic and seismic activity in this area poses a con-
tinuing threat to the many cities and towns along the shores
of the Bay of Naples (Figure 5.1).

One very good reason to study volcanic eruptions is that
they illustrate the complex interactions among Earth’s sys-
tems. Volcanism, especially the emission of gases and pyro-
clastic materials, has an immediate and profound impact on
the atmosphere, hydrosphere, and biosphere, at least in the
vicinity of an eruption. And in some cases the effects are
worldwide, as they were following the eruptions of Tambora

Deaths

117,000 killed, including deaths from eruption,
famine, and disease.

Pyroclastic flows and mudflows killed 4011.
2806 died in pyroclastic flows.

More than 36,000 died; most killed by tsunami.
1532 died in pyroclastic flows.

Nuée ardente engulfed St. Pierre and killed
28,000.

5000 died during eruption.

Mudflows devastated 104 villages and killed
5110.

Pyroclastic flows killed 2942.

1148 perished during eruption.

63 killed; 600 km 2 of forest devastated.
Pyroclastic flows killed 1877.

Minor eruption triggered mudflows that killed
23,000.

Cloud of CO, released from Lake Nyos killed
1746.

About 281 killed during eruption; 83 died in later
mudflows; 358 died of illness.

19 killed; 12,000 evacuated.

Lava flow killed 80-100 in Goma.

in 1815, Krakatau in 1883, and Pinatubo in 1991. Further-
more, the fact that lava flows and explosive eruptions cause
property damage, injuries, fatalities (Table 5.1), and at least
short-term atmospheric changes indicates that volcanic
eruptions are catastrophic events, at least from the human
perspective.

Ironically, though, when considered in the context of
Earth history, volcanism is actually a constructive process.
The atmosphere and surface waters most likely resulted from
the emission of gases during Earth's early history, and
oceanic crust is continuously produced by volcanism at
spreading ridges. Oceanic islands such as the Hawaiian Is-
lands, Iceland, and the Azores owe their existence to volcan-
ism, and weathering of lava flows, pyroclastic materials, and
volcanic mudflows in tropical areas such as Indonesia con-
verts them to productive soils.

People who live in Hawaii, southern Alaska, the Philip-
pines, Japan, and Iceland are well aware of volcanic eruptions,
but eruptions in the continental United States have occurred
only three times since 1914, all in the Cascade Range, which
stretches from northern California through Oregon and Wash-
ington and into southern British Columbia, Canada. Canada
has had no eruptions during historic time. Ancient and ongo-
ing volcanism in the western United States has yielded inter-
esting features, several of which are featured in this chapter.
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VOLCANISM

he term volcanism immediately brings to mind

lava flows, and it does in fact encompass such

activity, but the term refers specifically to those
processes whereby lava and its contained gases as well
as pyroclastic materials are extruded onto the surface or
into the atmosphere. Volcanism yields distinctive land-
forms, particularly volcanoes, as well as volcanic (extru-
sive) igneous rocks. About 550 volcanoes are presently
active; that is, they have erupted during historic time,
but only 12 or so are erupting at any one time. Most of
this activity is minor, although large eruptions are cer-
tainly not uncommon.

All of the terrestrial planets and Earth’s Moon were
volcanically active during their early histories, but now
volcanoes are known only on Earth and on one or two
other bodies in the solar system. Triton, one of Nep-
tune’s moons, probably has active volcanoes, and
Jupiter’s moon Io is by far the most volcanically active
body in the solar system. Many of its hundred or so vol-
canoes are erupting at any given time.

In addition to active volcanoes, Earth has numerous
dormant volcanoes that have not erupted during historic
time but may do so in the future. Prior to its eruption in
A.D. 79, Mount Vesuvius had not been active in human
memory. The largest volcanic outburst in the last 50
years was when Mount Pinatubo in the Philippines
erupted in 1991 after lying dormant for 600 years. Some
volcanoes have not erupted in historic time and show no
signs of doing so again; thousands of these extinct or in-
active volcanoes are known.

Volcanic Gases

Samples from present-day volcanoes indicate that 50%
to 80% of all volcanic gases are water vapor, with lesser
amounts of carbon dioxide, nitrogen, sulfur gases, espe-
cially sulfur dioxide and hydrogen sulfide, and very
small amounts of carbon monoxide, hydrogen, and chlo-
rine. In areas of recent volcanism, such as Lassen Vol-
canic National Park in California, emission of gases
continues, and one cannot help noticing the rotten-egg
odor of hydrogen sulfide gas (B Figure 5.2).

When magma rises toward the surface, the pressure
is reduced and the contained gases begin to expand. In
highly viscous, felsic magma, expansion is inhibited and
gas pressure increases. Eventually, the pressure may be-
come great enough to cause an explosion and produce
pyroclastic materials such as ash. In contrast, low-
viscosity mafic magma allows gases to expand and es-
cape easily. Accordingly, mafic magma generally erupts
rather quietly.

The amount of gases contained in magma varies but
is rarely more than a few percent by weight. Even though

Sue Monroe

M Figure 5.2

Volcanic gases emitted at the Sulfur Works in Lassen Volcanic
National Park, California.

volcanic gases constitute a small proportion of magma,
they can be dangerous and in some cases have had far-
reaching climatic effects.

Most volcanic gases quickly dissipate in the atmos-
phere and pose little danger to humans, but on several
occasions they have caused fatalities. In 1783, toxic
gases, probably sulfur dioxide, erupting from Laki fis-
sure in Iceland had devastating effects. About 75% of
the nation’s livestock died, and the haze resulting from
the gas caused lower temperatures and crop failures;
about 24% of Iceland’s population died as a result of the
ensuing Blue Haze Famine. The country suffered its
coldest winter in 225 years in 1783—1784, with temper-
atures 4.8°C below the long-term average. The eruption
also produced what Benjamin Franklin called a “dry fog”
that was responsible for dimming the intensity of sun-
light in Europe. The severe winter of 1783—1784 in Eu-
rope and eastern North America is attributed to the
presence of this “dry fog” in the upper atmosphere.

In 1986, in the African nation of Cameroon, 1746
people died when a cloud of carbon dioxide engulfed
them. The gas accumulated in the waters of Lake Nyos,
which occupies a volcanic caldera. Scientists disagree
about what caused the gas to suddenly burst forth from
the lake, but once it did, it flowed downhill along the
surface because it was denser than air. In fact, the den-
sity and velocity of the gas cloud were great enough to
flatten vegetation, including trees, a few kilometers
from the lake. Unfortunately, thousands of animals and
many people, some as far as 23 km from the lake, were
asphyxiated.

Residents of the island of Hawaii have coined the term
vog for volcanic smog. Kilauea volcano has been erupting
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(@)
M Figure 5.3

Eruptions of Hawaiian volcanoes: Past, USGS

(b)

(a) This hollow beneath a now-solidified lava flow is a lava tube. (b) Part of this lava tube’s roof has collapsed, forming a skylight through

which the active flow can be seen.

continuously since 1983, releasing small amounts of lava,
copious quantities of carbon dioxide, and about 1800 tons
of sulfur dioxide per day. Carbon dioxide is no problem be-
cause it dissipates quickly in the atmosphere, but sulfur
dioxide produces a haze and the unpleasant odor of sulfur.
As long as Kilauea volcano erupts, Hawaii will have a vog
problem. Vog probably poses little or no health risk for
tourists, but a long-term threat exists for residents of the
west side of the island where vog is most common.

Lava Flows

Lava flows are portrayed in movies and on television as
fiery streams of incandescent rock that usually pose a
great danger to humans (see Geo-Focus 5.1). Actually,
lava flows are the least dangerous manifestation of vol-
canism, although they may destroy buildings and cover
agricultural land. Most lava flows do not move particu-
larly fast, and because they are fluid, they follow exist-
ing low areas. Thus, once a flow erupts from a volcano,
determining the path it will take is fairly easy, and any-
one in areas likely to be affected can be evacuated.
Even low-viscosity lava flows generally do not move
very rapidly. Flows can move much faster, though, when
their margins cool to form a channel, and especially
when insulated on all sides as in a lava tube, where a
speed of more than 50 km/hr has been recorded. A con-
duit known as a lava tube within a lava flow forms when
the margins and upper surface of the flow solidify. Thus
confined and insulated, the flow moves rapidly and over
great distances. As an eruption ceases, the tube drains,
leaving an empty tunnel-like structure (M Figure 5.3a).
Part of the roof of a lava tube may collapse to form a sky-
light through which an active flow can be observed (Figure
5.3b), or access can be gained to an inactive lava tube. In

Hawaii, lava moves through lava tubes many kilometers
long and in some cases discharges into the sea.

Geologists define two types of lava flows, both
named for Hawaiian flows. A pahoehoe (pronounced
pah-hoy-hoy) flow has a ropy surface much like taffy
(M Figure 5.4a). The surface of an aa (pronounced ah-ah)
flow is characterized by rough, jagged, angular blocks and
fragments (Figure 5.4b). Pahoehoe flows are less viscous
than aa flows; indeed, the latter are viscous enough to
break up into blocks and move forward as a wall of rubble.

Pressure on the partly solidified crust of a still-
moving lava flow causes the surface to buckle into pres-
sure ridges (M Figure 5.5a). Gases escaping from a flow
hurl globs of lava into the air, which fall back to the sur-
face and adhere to one another, thus forming small, steep-
sided spatter cones, or spatter ramparts if they are elongated
(Figure 5.5b). Spatter cones a few meters high are com-
mon on lava flows in Hawaii, and you can see ancient ones
in Craters of the Moon National Monument in Idaho.

Columnar jointing is common in many lava flows,
especially mafic flows, but it is also found in other types
of flows and in some intrusive igneous rocks. Once a lava
flow stops moving, it contracts as it cools and produces
forces that cause fractures called joints to open. On the
surface of a lava flow, the joints are commonly polygonal
(often six-sided) cracks that extend downward, thus
forming parallel columns with their long axes perpen-
dicular to the cooling surface (B Figure 5.6). Excellent
examples of columnar jointing are found in many areas.

Much of the igneous rock in the upper part of the
oceanic crust is a distinctive type consisting of bulbous
masses of basalt that resemble pillows, hence the name
pillow lava. It was long recognized that pillow lava
forms when lava is rapidly chilled beneath water, but its
formation was not observed until 1971. Divers near



Images of the World

GEOFOCUS

Lava Flows Pose Little Danger
to Humans—Usually

n the text we made the point
that incandescent streams of
molten rock are impressive and
commonly portrayed in movies
as a danger to humans. We also
mentioned that lava flows are actu-
ally the least dangerous manifesta-
tion of volcanic activity, although
they may destroy buildings, high-
ways, and cropland. We should
note, though, that on some occa-
sions they have been directly or in-
directly responsible for fatalities.
Some of the most recent fatalities
caused by lava flows took place dur-
ing January 2002 in the city of Goma
in the Democratic Republic of the
Congo (formerly Zaire). Nyiragongo,
the volcano from which the flows
issued, has erupted 19 times since
1884, and during two of these erup-
tions lava flows caused fatalities
(M Figure 1). One of several volca-
noes in Africa’s Virunga Volcanic
Chain, Nyiragongo is a composite
volcano along the East African Rift. A

(a)
M Figure 1

lava lake in its summit caldera was
active for decades, and in 1977 the
lake suddenly drained through fis-
sures and covered several square
kilometers with fluid lava flows. Un-
fortunately, about 70 people (300 in
another estimate) and a herd of ele-
phants perished in the flows that
moved at speeds of 60 km/hr.

In the massive eruption at Nyira-
gongo on January 17, 2002, a huge
plume of ash rose above the moun-
tain and three fast-moving lava
flows descended along its western
and eastern flanks. Fourteen
villages near the volcano were de-
stroyed, and within one day one of
the flows sliced through the city of
Goma, 19 km south of Nyiragongo,
destroying everything in a 60-m-
wide path. The lava ignited many
fires, and huge explosions took
place where it came into contact
with gasoline storage tanks.

The number of fatalities in
Goma is uncertain, but most esti-

AFP/Corbis

mates are between 80 and 100. Ex-
plosions triggered by the lava flow
rather than the flow itself were re-
sponsible for most of these deaths.
About 400,000 people were evacu-
ated from the city for three days.
Though of little consolation to the
survivors of those who died, the
death toll was actually quite low
considering that a lava flow moved
quickly through a large, densely
populated city.

Our statement that “lava flows
are the least dangerous manifesta-
tion of volcanic activity” is correct,
even though there are some ex-
ceptions. Far greater dangers are
posed by explosive eruptions dur-
ing which huge quantities of pyro-
clastic materials and gases are
ejected into the atmosphere and
form volcanic mudflows (lahars).
Fatalities from these eruptions and
associated activity might be in the
thousands or tens of thousands
(Table 5.1).

(b)

(a) Nyiragongo is a composite volcano in central Africa that has erupted 19 times since 1884. It stands 3470 m high. (b) Part of one of the
January 17, 2002, lava flows that killed dozens of people in Goma, Democratic Republic of the Congo. The lava flow is moving across the

runway at Goma airport.
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(a)

Hawaii saw pillows form when a blob of lava broke
through the crust of an underwater lava flow and cooled
almost instantly, forming a pillow-shaped structure with
a glassy exterior. The remaining fluid inside then broke
through the crust of the pillow, repeating the process
and resulting in an accumulation of interconnected pil-
lows (M Figure 5.7).

(a)
M Figure 5.5

Robert Tilling/USGS

J. D. Griggs/USGS

M Figure 5.4

(a) A pahoehoe lava flow in Hawaii. Notice the smooth lobes at the
end of the flow and the smooth, folded texture of the flow's surface.
(b) An aa flow advances over an older pahoehoe flow in Hawaii.

Pyroclastic Materials

In addition to lava flows, erupting volcanoes eject pyro-
clastic materials, especially ash, a designation for pyroclas-
tic particles that measure less than 2.0 mm (M Figure 5.8).
In some cases ash is ejected into the atmosphere and settles
to the surface as an ash fall. In 1947, ash erupted from Mount

(a) Pressure ridge on a 1982 lava flow in Hawaii. (b) Spatter rampart that formed in 1984 in Hawaii.
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(a) (b)
M Figure 5.6
(@) Columnar joints in a 60-million-year-old lava flow at the Giant's Causeway in Northern Ireland. As the lava cooled, fractures formed and
intersected to form mostly five- and six-sided columns. (b) Surface view of columns on the island of Staffa in Scotland.
Hekla in Iceland fell 3800 km away on Helsinki, Finland. In In populated areas adjacent to volcanoes, ash falls
contrast to an ash fall, an ash flow is a cloud of ash and gas  and ash flows pose serious problems, and volcanic ash
that flows along or close to the land surface. Ash flows can ~ in the atmosphere is a hazard to aviation. Since 1980,
move faster than 100 ki/hr, and some cover vast areas. about 80 aircraft have been damaged when they encoun-

Pillow lava

James S. Monroe

(a) (b)
M Figure 5.7

(a) These bulbous masses of pillow lava form when magma erupts under water. (b) Ancient pillow lava on land in Marin County, California.
Two complete pillows and many broken ones are visible.
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M Figure 5.8

Pyroclastic materials. The large object on the left is a volcanic
bomb; it is about 20 cm long. The streamlined shape of bombs
indicates they were erupted as globs of magma that cooled and
solidified as they descended. The granular objects in the upper
right are pyroclastic materials known as lapilli. The pile of gray-
white material on the lower right is ash.

tered clouds of volcanic ash. The most serious incident
took place in 1989 when ash from Redoubt volcano in
Alaska caused all four jet engines to fail on KLM Flight
867. The plane carrying 231 passengers nearly crashed
when it fell more than 3 km before the crew could
restart the engines. The plane landed safely in Anchor-
age, Alaska, but it required $80 million in repairs.

In addition to ash, volcanoes erupt lapilli, consisting
of pyroclastic materials that measure from 2 to 64 mm,
and blocks and bombs, both larger than 64 mm (Figure
5.8). Bombs have a twisted, streamlined shape, which in-
dicates they were erupted as globs of magma that cooled
and solidified during their flight through the air. Blocks,
in contrast, are angular pieces of rock ripped from a vol-
canic conduit or pieces of a solidified crust of a lava flow.
Because of their size, lapilli, bombs, and blocks are con-
fined to the immediate area of an eruption.

WHAT ARE THE TYPES
OF VOLCANOES,
AND HOW DO

THEY FORM?

imply put, a volcano is a hill or mountain
that forms around a vent where lava, pyro-
clastic materials, and gases erupt. Some vol-
canoes are conical, but others are bulbous, steep-sided
masses of magma, and some resemble an inverted
shield lying on the ground. In all cases, though, volca-

noes have a conduit or conduits leading to a magma
chamber beneath the surface. The Roman deity of fire,
Vulcan, was the inspiration for calling these mountains
volcanoes, and because of their danger and obvious
connection to Earth’s interior they have been held in
awe by many cultures.

Probably no other geologic phenomenon, except
perhaps earthquakes, has so much lore associated with
it. In Hawaiian legends, the volcano goddess Pele resides
in the crater of Kilauea on Hawaii. During one of her
frequent rages, Pele causes earthquakes and lava flows,
and she may hurl flaming boulders at those who offend
her. Native Americans in the Pacific Northwest tell of a
titanic battle between the volcano gods Skel and Llao to
account for huge eruptions that took place about 6600
years ago in Oregon and California. Pliny the Elder (A.D.
23-79), mentioned in the Introduction, believed that
before eruptions “the air is extremely calm and the sea
quiet, because the winds have already plunged into the
earth and are preparing to reemerge.”*

Geologists recognize several major types of volca-
noes, but one must realize that each volcano is unique
in its history of eruptions and development. For in-
stance, the frequency of eruptions varies considerably;
the Hawaiian volcanoes and Mount Etna on Sicily have
erupted repeatedly, whereas Pinatubo in the Philippines
erupted in 1991 for the first time in 600 years. Some vol-
canoes are complex mountains that have the character-
istics of more than one type of volcano.

Most volcanoes have a circular depression known
as a crater at their summit, or on their flanks, that
forms by explosions or collapse. Craters are generally
less than 1 km across, whereas much larger rimmed de-
pressions on volcanoes are calderas. In fact, some vol-
canoes have a summit crater within a caldera. Calderas
are huge structures that form following voluminous
eruptions during which part of a magma chamber drains
and the mountain’s summit collapses into the vacated
space below. An excellent example is misnamed Crater
Lake in Oregon (M Figure 5.9). Crater Lake is actually
a steep-rimmed caldera that formed about 6600 years
ago in the manner just described; it is more than 1200
m deep and measures 9.7 X 6.5 km. As impressive as
Crater Lake is, it is not nearly as large as some other
calderas, such as the Toba caldera in Sumatra, which is
100 km long and 30 km wide.

Shield Volcanoes

Shield volcanoes resemble the outer surface of a shield
lying on the ground with the convex side up (see “Types
of Volcanoes” for pages 122 and 123). They have low,
rounded profiles with gentle slopes ranging from about

*Quoted from page 40 in M. Krafft, Volcanoes: Fire from the Earth (New
York: Harry N. Abrams, 1993).
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Types of Volcanoes

All volcanoes are structures resulting from the eruption of lava and pyroclastic materials but they
are all unique in their history of eruptions and development. Nevertheless, most are conveniently

classified as one of the types shown
here: shield, cinder cone, composite,
and lava dome. There are also places
where eruptions of very fluid lava take
place along fissures and volcanoes do
not develop.

Crater Mountain in Lassen County, California
is an extinct shield volcano. It is about 10 km
across and stands 460 m high. The
depression at its summit is a 2-km-wide crater.

A 230-m-high cinder cone in Lassen Volcanic
National Park in California.

@
The image on the right shows the large, bowl-
shaped crater at the summit of this cinder cone. It
last erupted during the 1600's.

James S. Monroe

Robert Tilling/USGS

Flank eruption )
Summit caldera

Central vent

Magma
chamber

Shield volcanoes consist of numerous thin basalt
lava flows that build up mountains with slopes
rarely exceeding 10 degrees.

View of Mauna Loa, an active shield volcano on
Hawaii, with its upper 1.5 km covered by snow. Mauna
Loa is the largest mountain on Earth; it measures
about 100 km across its base, stands more than 9.5
km above the seafloor, and is made up of an estimated
50,000 km?3 of material.

James S. Monroe
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Composite volcanoes, or stratovolcanoes, are
composed mostly of lava flows and pyroclastic
materials of intermediate composition, although
volcanic mudflow deposits are also common.

Mayon volcano in the Philippines a nearly
symmetrical composite volcano that last
erupted during 1999.

This view of
Mount Shasta
from the north
shows a cone

known as
Shastina on the
flank of the larger
mountain.

Wayne E. Moore

Lava dome

This steep-sided lava dome lies atop Novarupta in
Katmai National Park and Preserve in Alaska.

James S. Monroe

Shastina

Pyroclastic
layers

Lava flows

Two views of Mount Shasta, a huge composite
volcano in northern California. Mount Shasta is
about 24 km across its base and rises more
than 3400 m above its surroundings.

Chaos Crags in the distance are made

up of at least four lava domes that
formed less than 1200 years ago in
Lassen Volcanic National Park in
California. The debris in the foreground,
called Chaos Jumbles, formed when

parts of the domes collapsed. ®

Sue Monroe



124 CHAPTER 35 VOLCANISM AND VOLCANOES

M Figure 5.9

Crater Lake

e

Wizard Island

(e)

Events leading to the origin of Crater Lake, Oregon, which is actually a caldera. (a, b) Ash clouds and ash flows partly drain the magma
chamber. (c) The collapse of the summit and formation of the caldera. (c) Postcaldera eruptions partly cover the caldera floor, and a small
cinder cone known as Wizard Island forms. (e) View from the rim of Crater Lake showing Wizard Island. Source: From Howell Williams, Crater Lake:
The Story of Its Origin (Berkeley, Calif. University of California Press): lllustrations from p. 84 © 1941 Regents of the University of California, © renewed 1969,

Howell Williams.

2 to 10 degrees; they are composed mostly of mafic
flows that had low viscosity, so the flows spread out and
formed thin, gently sloping layers. Eruptions from
shield volcanoes, sometimes called Hawaiian-type erup-
tions, are quiet compared to those of volcanoes such as
Mount St. Helens. Lava most commonly rises to the
surface with little explosive activity, so it usually poses
little danger to humans. Lava fountains, some up to 400
m high, contribute some pyroclastic materials to shield
volcanoes, but otherwise they are composed largely of
basalt lava flows; flows make up more than 99% of the
Hawaiian volcanoes above sea level.

Although eruptions of shield volcanoes tend to be
rather quiet, some of the Hawaiian volcanoes have, on
occasion, produced sizable explosions when groundwa-

ter instantly vaporizes as it comes in contact with
magma. One such explosion in 1790 killed about 80
warriors in a party headed by Chief Keoua, who was
leading them across the summit of Kilauea volcano.

The current activity at Kilauea is impressive for an-
other reason; it has been erupting continuously since
January 3, 1983, making it the longest recorded erup-
tion. During these 20 years, more than 2.3 km3 of
molten rock has flowed out at the surface, much of it
reaching the sea and forming 2.2 km? of new property
on the island of Hawaii. Unfortunately, lava flows from
Kilauea have also destroyed about 200 homes and
caused some $61 million in damages.

Shield volcanoes such as those of the Hawaiian Is-
lands and Iceland are most common in the ocean basins,

James S. Monroe
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but some are also present on the
continents—in East Africa, for in-
stance. The island of Hawaii is
made up of five huge shield volca-
noes, two of which, Kilauea and
Mauna Loa, are active much of the
time. Mauna Loa is nearly 100 km
across its base and stands more
than 9.5 km above the surrounding
seafloor; it has a volume estimated
at 50,000 km3, making it the
world’s largest volcano. By contrast,
a very large volcano in the conti-
nental United States, Mount
Shasta in California, has a volume
of only about 350 km?3.

Cinder Cones

Small, steep-sided cinder cones

made up of particles resembling

cinders form when pyroclastic ma-

terials accumulate around a vent

from which they erupted (see

“Types of Volcanoes” on pages 122

and 123). Cinder cones are small, rarely exceeding 400
m high, with slope angles up to 33 degrees, depending
on the angle that can be maintained by the angular py-
roclastic materials. Many of these small volcanoes have
a large, bowl-shaped crater, and if they issue any lava
flows, they usually break through the base or lower
flanks of the mountains. Although all cinder cones are
conical, their symmetry varies from those that are al-
most perfectly symmetrical to those that formed when
prevailing winds caused pyroclastic materials to build
up higher on the downwind side of the vent.

Many cinder cones form on the flanks or within the
calderas of larger volcanoes and represent the final
stages of activity, particularly in areas of basaltic volcan-
ism. Wizard Island in Crater Lake, Oregon, is a small
cinder cone that formed after the summit of Mount
Mazama collapsed to form a caldera (Figure 5.9). Cin-
der cones are common in the southern Rocky Mountain
states, particularly New Mexico and Arizona, and many
others are in California, Oregon, and Washington.

In 1973, on the Icelandic island of Heimaey, the
town of Vestmannaeyjar was threatened by a new cinder
cone. The initial eruption began on January 23, and
within two days a cinder cone, later named Eldfell, rose
to about 100 m above the surrounding area (M Figure
5.10). Pyroclastic materials from the volcano buried parts
of the town, and by February a massive aa lava flow was ad-
vancing toward the town. The flow’s leading edge ranged
from 10 to 20 m thick, and its central part was as much as
100 m thick. The residents of Vestmannaeyjar sprayed the
leading edge of the flow with seawater in an effort to divert
it from the town. The flow was in fact diverted, but how ef-

Image not available due to copyright restrictions

fective the efforts of the townspeople were is not clear; they
may have been simply lucky.

Composite Volcanoes (Stratovolcanoes)

Pyroclastic layers as well as lava flows, both of interme-
diate composition, are found in composite volcanoes,
which are also called stratovolcanoes (see “Types of Vol-
canoes” on pages 122 and 123). As the lava flows cool,
they typically form andesite; recall that intermediate
lava flows are more viscous than mafic ones that yield
basalt. Geologists use the term lahar for volcanic mud-
flows, which are common on composite volcanoes. A
lahar may form when rain falls on unconsolidated pyro-
clastic materials and creates a muddy slurry that moves
downslope (B Figure 5.11). On November 13, 1985, a
minor eruption of Nevado del Ruiz in Colombia melted
snow and ice on the volcano, causing lahars that killed
about 23,000 people (Table 5.1).

Composite volcanoes differ from shield volcanoes
and cinder cones in composition as noted above, and
their overall shape differs, too. Remember that shield vol-
canoes have very low slopes, whereas cinder cones are
small, steep-sided, conical mountains. In marked con-
trast, composite volcanoes are steep-sided near their
summits, perhaps as much as 30 degrees, but the slope
decreases toward the base, where it may be no more than
5 degrees. Mayon volcano in the Philippines is one of the
most nearly symmetrical composite volcanoes anywhere.
It erupted in 1999 for the 13th time during the 1900s.

When most people think of volcanoes, they picture
the graceful profiles of composite volcanoes, which are
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GEOLOGY
IN UNEXPECTED PLACES

A Most Unusual Volcano

erhaps the East African Rift is not an
unexpected place for volcanoes, but
one known as Oldoinyo Lengai or Ol
Doinyo Lengai in Tanzania is certainly
among Earth’s most peculiar volcanoes.
Oldoinyo Lengai, which means “Mountain of
God" in the Masai language, is an active com-
posite volcano (it last erupted in August 2002),
standing about 2890 m high. It is in an east-west
belt of about 20 volcanoes near the southern
part of the East African Rift. Its most notable
feature, however, is its eruptions of magma that
cools to form carbonitite, an igneous rock with
at least 50% carbonate minerals, mostly calcite
(CaCOj) and dolomite [CaMg(CO,),]. In fact,
carbonitite looks much like the metamorphic
rock marble (see Chapter 7).
Remember that based on silica content
most magma varies from mafic to felsic,
but only rarely does magma have a sig-
nificant amount of carbonate minerals.

(a)

M Figure 5.11

(a) Homes partly buried by a volcanic mudflow, or lahar, on June 15, 1991, following the eruption of Mount Pinatubo in the Philippines. (b) Air

Darrell G. Herd/USGS

At Oldoinyo Lengai, the carbonitite magma
typically has very low viscosity and is fluid at
temperatures of only 540° to 595°C, reflecting
the low melting temperatures of carbonate
minerals. As a result it flows rather quickly; it is
not incandescent but rather looks like black
mud. Its minerals are chemically unstable, how-
ever, so they react with water in the
atmosphere and their color changes to pale
gray very quickly. @ Figure 1 shows a small
cone within the volcano’s crater spewing black
lava; the older lava on the cone became white
over several months.

M Figure 1

This small cone lies in the crater of Oldoinyo Lengai
in Tanzania. The black lava cools to form carbonitite,
which consists of at least 50% carbonate minerals.

(b)

view of Armero, Colombia, where at least 23,000 people died in lahars that inundated the area in 1985.

Courtesy of Frederick A. Belton
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the typical large volcanoes found on the continents and
island arcs. And some of these volcanoes are indeed
large; Mount Shasta in northern California is made up
of about 350 km3 of material and measures about 20 km
across its base. In fact, it dominates the skyline when
approached from any direction. Other familiar compos-
ite volcanoes are several in the Cascade Range of the Pa-
cific Northwest as well as Fujiyama in Japan and Mount
Vesuvius in Italy (see the chapter opening photo).

Mount Pinatubo in the Philippines erupted violently
on June 15, 1991. Huge quantities of gas and an esti-
mated 3—5 km3 of ash were discharged into the atmos-
phere, making this the world’s largest eruption since
1912. Fortunately, warnings of an impending eruption
were heeded, and 200,000 people were evacuated from
around the volcano. The eruption was still responsible
for 722 deaths (Table 5.1).

Lava Domes

Although some volcanoes show features of more than
one of the types discussed so far, most can be classified
as shield volcanoes, cinder cones, or composite volca-
noes. One more type of volcano deserves our attention,
however. Lava domes, also known as volcanic domes
and plug domes, are steep-sided, bulbous mountains

(@)

M Figure 5.12

that form when viscous felsic magma, and occasionally
intermediate magma, is forced toward the surface (see
“Types of Volcanoes” on pages 122 and 123). Because
felsic magma is so viscous, it moves upward very slowly
and only when the pressure from below is great.
Beginning in 1980, a number of lava domes were em-
placed in the crater of Mount St. Helens in Washington;
most of these were destroyed during subsequent erup-
tions. Since 1983, Mount St. Helens has been character-
ized by sporadic dome growth, and renewed eruptions in
2004. In June 1991, a lava dome in Japan’s Unzen vol-
cano collapsed under its own weight, causing a flow of
debris and hot ash that killed 43 people in a nearby town.
Lava dome eruptions are some of the most violent
and destructive. In 1902, viscous magma accumulated
beneath the summit of Mount Pelée on the island of
Martinique. Eventually the pressure increased until the
side of the mountain blew out in a tremendous explosion,
ejecting a mobile, dense cloud of pyroclastic materials
and a glowing cloud of gases and dust called a nuée ar-
dente (French for “glowing cloud”). The pyroclastic flow
followed a valley to the sea, but the nuée ardente jumped
a ridge and engulfed the city of St. Pierre (M Figure 5.12).
A tremendous blast hit St. Pierre leveling buildings;
hurling boulders, trees, and pieces of masonry down the
streets; and moving a 3-ton statue 16 m. Accompanying

(a) St. Pierre, Martinique, after it was destroyed by a nuée ardente erupted
from Mount Pelée in 1902. Only 2 of the city’s 28,000 inhabitants survived.
(b) A large nuée ardente from Mount Pelée a few months after the one that

destroyed St. Pierre.

American Museum of Natural History
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the blast was a swirling cloud of incandescent ash and
gases with an internal temperature of 700°C that incin-
erated everything in its path. The nuée ardente passed
through St. Pierre in two or three minutes, only to be
followed by a firestorm as combustible materials burned
and casks of rum exploded. But by then most of the
28,000 residents of the city were already dead. In fact,
in the area covered by the nuée ardente, only 2 sur-
vived!® One survivor was on the outer edge of the nuée
ardente, but even there he was terribly burned and his
family and neighbors were all killed. The other survivor,
a stevedore incarcerated the night before for disorderly
conduct, was in a windowless cell partly below ground
level. He remained in his cell badly burned for four days
after the eruption until rescue workers heard his cries
for help. He later became an attraction in the Barnum
and Bailey Circus where he was advertised as “The only
living object that survived in the ‘Silent City of Death’
where 40,000 beings were suffocated, burned or buried
by one belching blast of Mont Pelee’s terrible volcanic
eruption.”**

N
(

= Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Volcanic Land-
forms” (click Volcanism—Volcanic Landforms).

OTHER VOLCANIC
LANDFORMS

he term volcano immediately brings to mind

the magnificent composite volcanoes. How-

ever, as noted earlier, even though some volca-
noes are the typical mountains we envision, numerous
volcanoes with other shapes are found in many areas
(see “Types of Volcanoes” on pages 122 and 123). In
fact, in some areas of volcanism, volcanoes fail to de-
velop at all. For instance, during fissure eruptions, fluid
lava pours out and simply builds up rather flat-lying
areas, whereas huge explosive eruptions might yield py-
roclastic sheet deposits, which, as their name implies,
have a sheetlike geometry.

Fissure Eruptions and Basalt Plateaus

Some 164,000 km? of eastern Washington and parts of
Oregon and Idaho were covered by overlapping basalt

*Although reports commonly claim that only two people survived the
eruption, at least 69 and possibly as many as 111 people survived beyond
the extreme margins of the nuée ardente and on ships in the harbor. Many,
however, were badly injured.

**Quoted from A. Scarth, Vulcan'’s Fury: Man Against the Volcano (New
Haven, CT: Yale University Press, 1999), p. 177.

lava flows between 17 and 5 million years ago. Now
known as the Columbia River basalts, they are well ex-
posed in canyons eroded by the Snake and Columbia
Rivers (M Figure 5.13a). Rather than being erupted from
a central vent, these flows issued from long cracks or fis-
sures and are thus known as fissure eruptions. Lava
erupted from these fissures was so fluid (had such low vis-
cosity) that it simply spread out, covering vast areas build-
ing up a basalt plateau, a broad, flat, elevated area
underlain by lava flows (Figure 5.13b).

The Columbia River basalt flows have an aggregate
thickness of about 1000 m, and some individual flows
cover huge areas—for example, the Roza flow, which is
30 m thick, advanced along a front about 100 km wide
and covered 40,000 km?.

Fissure eruptions and basalt plateaus are not com-
mon, although several large areas of such features are
known. Currently this kind of activity occurs only in Ice-
land. Iceland has a number of volcanic mountains, but
the bulk of the island is composed of basalt flows
erupted from fissures. Two major fissure eruptions, one
in A.D. 930 and the other in 1783, account for about
half of the magma erupted in Iceland during historic
time. The 1783 eruption issued from the Laki fissure,
which is 25 km long; lava flowed several tens of kilome-
ters from the fissure and in one place filled a valley to a
depth of about 200 m.

Pyroclastic Sheet Deposits

More than 100 years ago, geologists were aware of vast
areas covered by felsic volcanic rocks a few meters to
hundreds of meters thick. It seemed improbable that
these could be vast lava flows, but it seemed equally
unlikely that they were ash fall deposits. Based on ob-
servations of historic pyroclastic flows, such as the
nuée ardente erupted by Mount Pelée in 1902, it seems
that these ancient rocks originated as pyroclastic
flows—hence the name pyroclastic sheet deposits
(Figure 5.13c¢).

They cover far greater areas than any observed dur-
ing historic time, however, and apparently erupted from
long fissures rather than from a central vent. The pyro-
clastic materials of many of these flows were so hot that
they fused together to form welded tuff.

Geologists now think that major pyroclastic flows
issue from fissures formed during the origin of calderas.
For instance, pyroclastic flows erupted during the for-
mation of a large caldera now occupied by Crater Lake,
Oregon (Figure 5.9).

Similarly, the Bishop Tuff of eastern California
erupted shortly before the formation of the Long Valley
caldera. Interestingly, earthquake activity in the Long
Valley caldera and nearby areas beginning in 1978 may
indicate that magma is moving upward beneath part of
the caldera. Thus, the possibility of future eruptions in
that area cannot be discounted.
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Image not available due to copyright restrictions

Earlier flows

W. E. Scott/USGS

M Figure 5.13

&
%

(b) Block diagram

showing fissure eruptions and the origin of a basalt plateau. (c) Pyroclastic flow deposits that issued from Mount Pinatubo on June 16, 1991,
in the Philippines. Some of the flows moved 16 km from the volcano and filled this valley to depths of 50 to 200 m.

VOLCANIC HAZARDS

e have discussed several volcanic hazards
such as lava flows, nuée ardentes, gases,
and lahars in this chapter. Lava flows and

nuée ardentes obviously are threats only during an erup-
tion, but lahars and landslides may take place even
when no eruption has occurred for a long time (M Fig-
ure 5.14). Certainly the most vulnerable areas in the
United States are Alaska, Hawaii, California, Oregon, and
Washington, but some other places in the western part of
the country might also experience renewed volcanism.
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What Would You Do

No one doubts that some of the Cascade Range volca-
noes will erupt again, but we don’t know when or how
large these eruptions will be. A job transfer takes you
to a community in Oregon that has several nearby large
volcanoes. You have some concerns about future erup-
tions. What kinds of information would you seek out
before buying a home in this area? In addition, as a con-
cerned citizen, can you make any suggestions about
what should be done in the case of a large eruption?

How Large Is an Eruption, and How
Long Do Eruptions Last?

Geologists have devised several ways of expressing the
size of a volcanic eruption. One, called the destructive-
ness index, is based on the area covered by lava or pyro-
clastic materials during an eruption. Geologists also
rank eruptions in terms of their intensity and magni-
tude, but these have both been incorporated into the
more widely used volcanic explosivity index (VEI)
(M Figure 5.15). Unlike the Richter Magnitude Scale for

Prevailing wind

Eruption cloud

Ash fall

Landslide
(debris avalanche)

Acid rain Bombs

Lava dome collapse | ava dome

Pyroclastic flow \ \

Lahar (mud or debris flow )

Lava ﬂow

Crack

Magma

M Figure 5.14

Some volcanic hazards, such as landslides and lahars, may occur even when a volcano is
not erupting. This illustration shows a typical volcano in Alaska and the western United

States, but volcanoes in Hawaii and elsewhere also pose hazards.

Eruption column

Ground
water

AN

earthquakes (see Chapter 8), the VEI is only semiquanti-
tative, being based partly on subjective criteria.

The volcanic explosivity index (VEI) ranges from 0
(gentle) to 8 (cataclysmic) and is based on several as-
pects of an eruption, such as the volume of material ex-
plosively ejected and the height of the eruption plume.
However, the volume of lava, fatalities, and property
damage are not considered. For instance, the 1985 erup-
tion of Nevado del Ruiz in Colombia killed 23,000 peo-
ple, yet has a VEI of only 3. In contrast, the huge
eruption (VEI = 6) of Novarupta in Alaska in 1912
caused no fatalities or injuries. Since A.D. 1500, only the
1815 eruption of Tambora had a value of 7; it was both
large and deadly (Table 5.1). Nearly 5700 eruptions dur-
ing the last 10,000 years have been assigned VEI num-
bers, but none has exceeded 7, and most (62%) were
assigned a value of 2.

The duration of eruptions varies considerably. Fully
42% of about 3300 historic eruptions lasted less than one
month. About 33% erupted for one to six months, but
some 16 volcanoes have been active more or less continu-
ously for more than 20 years. Stromboli and Mount Etna
in Italy and Erta Ale in Ethiopia are good examples. For
some explosive volcanoes, the time from the onset of their
eruptions to the climactic event is weeks or months. A case
in point is the colossal explosive eruption of Mount St. He-
lens on May 18, 1980, that occurred
two months after eruptive activity
began. Unfortunately, many volcanoes
give little or no warning of such large-
scale events; of 252 explosive eruptions,
42% erupted most violently during their
first day of activity. As one might imag-
ine, predicting eruptions is complicated
by those volcanoes that give so little
warning of impending activity.

Pyroclastic flow

Is It Possible to Forecast
Eruptions?

Fumaroles

Most of the dangerous volcanoes are at
or near the margins of tectonic plates,
especially at convergent plate bound-
aries. At any one time about a dozen vol-
canoes are erupting, but most eruptions
cause little or no property damage, in-
juries, or fatalities. Unfortunately, some
do. The 1815 eruption of Tambora in
Indonesia and a rather minor eruption
of Nevado del Ruiz in Colombia in 1985
are good examples (Table 5.1).

Only a few of Earth’s potentially
dangerous volcanoes are monitored,
including some in Japan, Italy, Russia,
New Zealand, and the United States.
Four facilities in the United States are
devoted to volcano monitoring: the
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The volcanic explosivity index (VEI). In this example, an eruption with a VEI of 5 has an eruption cloud up to 25 km high and ejects at least 1
km3 of tephra, a collective term for all pyroclastic materials. Geologists characterize eruptions as Hawaiian (nonexplosive), Strombolian,

Vulcanian, and Plinian.

Hawaiian Volcano Observatory on Kilauea volcano; the
David A. Johnston Cascades Volcano Observatory in
Vancouver, Washington; the Alaska Volcano Observatory
in Fairbanks, Alaska; and the Long Valley Observatory in
Menlo Park, California. Many of the methods now used
to monitor volcanoes were developed at the Hawaiian
Volcano Observatory.

Volcano monitoring involves recording and analyzing
physical and chemical changes at volcanoes (M Figure
5.16a). Tiltmeters detect changes in the slopes of a volcano
as it inflates when magma rises beneath it, and a geodime-
ter uses a laser beam to measure horizontal distances, which
also change as a volcano inflates (Figure 5.16b, c). Geolo-
gists also monitor gas emissions, changes in groundwater
level and temperature, hot springs activity, and changes in
the local magnetic and electrical fields. Even the accumu-
lating snow and ice, if any, are evaluated to anticipate haz-
ards from floods should an eruption take place.

Of critical importance in volcano monitoring and
warning of an imminent eruption is the detection of vol-
canic tremor, continuous ground motion that lasts for
minutes to hours as opposed to the sudden, sharp jolts
produced by most earthquakes. Volcanic tremor, also
known as harmonic tremor, indicates that magma is mov-
ing beneath the surface.

To more fully anticipate the future activity of a vol-
cano, its eruptive history must be known. Accordingly,
geologists study the record of past eruptions preserved
in rocks. Detailed studies before 1980 indicated that
Mount St. Helens, Washington, had erupted explosively
14 or 15 times during the last 4500 years, so geologists
concluded that it was one of the most likely Cascade
Range volcanoes to erupt again. In fact, maps they pre-
pared showing areas in which damage from an eruption
could be expected were helpful in determining which
areas should have restricted access and evacuations
once an eruption did take place.

Geologists successfully gave timely warnings of im-
pending eruptions of Mount St. Helens in Washington
and Mount Pinatubo in the Philippines, but in both cases
the climactic eruptions were preceded by eruptive activity
of lesser intensity. In some cases, however, the warning
signs are much more subtle and difficult to interpret. Nu-
merous small earthquakes and other warning signs indi-
cated to geologists of the U.S. Geological Survey (USGS)
that magma was moving beneath the surface of the Long
Valley caldera in eastern California, so in 1987 they is-
sued a low-level warning, and then nothing happened.

Volcanic activity in the Long Valley caldera occurred
as recently as 250 years ago, and there is every reason to
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(a) Techniques used to monitor volcanoes. (b, c) Detection of ground deformation by tiltmeters and measurements of horizontal and vertical
distances. As a volcano inflates when magma moves beneath it, volcanic tremor is also detected.

think it will occur again. Unfortunately, the local pop-
ulace was largely unaware of the geologic history of
the region, the USGS did a poor job in communicat-
ing its concerns, and premature news releases caused
more concern than was justified. In any case, local res-
idents were outraged because the warnings caused a
decrease in tourism (Mammoth Mountain on the mar-

gins of the caldera is the second largest ski area in the
country) and property values plummeted. Monitoring
continues in the Long Valley caldera, and the signs of
renewed volcanism, including earthquake swarms,
trees being killed by carbon dioxide gas apparently em-
anating from magma, and hot spring activity, cannot
be ignored.
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= Log into GeologyNow and select this chapter to
work through Geology Interactive activities on “Magma Chemistry
and Explosivity” (click Volcanism—Magma Chemistry and Explosivity)
and on “Volcano Watch, USA" (click Volcanism—Volcano Watch, USA).

DISTRIBUTION
OF VOLCANOES

ost of the world’s active volcanoes are in
well-defined zones or belts rather than
randomly distributed. The circum-Pacific
belt, with more than 60% of all active volcanoes, in-
cludes those in the Andes of South America; the volca-
noes of Central America, Mexico, and the Cascade
Range of North America; as well as the Alaskan volca-
noes and those in Japan, the Philippines, Indonesia, and
New Zealand (M Figure 5.17). Also included in the
circum-Pacific belt are the southernmost active volcanoes
at Mount Erebus in Antarctica and a large caldera at De-
ception Island that erupted most recently during 1970. In
fact, this belt nearly encircling the Pacific Ocean basin is
popularly called the Ring of Fire.
The second area of active volcanism is the
Mediterranean belt (Figure 5.17). About 20% of all

What Would You Do

You are an enthusiast of natural history and would like
to share your interests with your family. Accordingly,
you plan a vacation to see some of the volcanic features
in U.S. national parks and monuments. Let’s assume
your planned route will take you through Wyoming,
Idaho, Washington, Oregon, and California. What spe-
cific areas might you visit, and what kinds of volcanic
features would you see in these areas? What other
parts of the United States might you visit in the future
to see additional evidence for volcanism?

active volcanism takes place in this belt, where the fa-
mous Italian volcanoes such as Mounts Etna and Vesu-
vius and the Greek volcano Santorini are found. Mount
Etna has issued lava flows 190 times since 1500 B.C.,
when activity was first recorded. A particularly violent
eruption of Santorini in 1390 B.C. might be the basis
for the myth about the lost continent of Atlantis (see
Chapter 9), and in A.D. 79 an eruption of Mount Vesu-
vius destroyed Pompeii and other nearby cities (see the
Introduction).

2 g
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Most volcanoes are at or near convergent and divergent plate boundaries. The two major volcano belts are the circum-Pacific belt,
commonly known as the Ring of Fire, with about 60% of all active volcanoes, and the Mediterranean belt, with 20% of active volcanoes. Most
of the rest lie near the mid-oceanic ridges.
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Nearly all the remaining active volcanoes are at or
near mid-oceanic ridges or the extensions of these ridges
onto land (Figure 5.17). These include the East Pacific
Rise and the longest of all mid-oceanic ridges, the Mid-
Atlantic Ridge. The latter is located near the center of
the Atlantic Ocean basin, accounting for the volcanism
in Iceland and elsewhere. It continues around the south-
ern tip of Africa, where it connects with the Indian
Ridge. Branches of the Indian Ridge extend into the Red
Sea and East Africa, where such volcanoes as Kilaman-
jaro in Tanzania, Nyiragongo in Zaire (see Geo-Focus
5.1), and Erta Ale in Ethiopia with its continuously ac-
tive lava lake are found.

Anyone familiar with volcanoes will have noticed
that we have not mentioned the Hawaiian volcanoes.
This is not an oversight as they are the notable excep-
tions to the distribution of volcanoes in well-defined
belts. We will discuss their location and significance in
the following section.

[N . .
) Log into GeologyNow and select this chapter

to work through a Geology Interactive activity on “Distribution of
Volcanism” (click Volcanism—Distribution of Volcanism).

PLATE TECTONICS,
VOLCANOES,
AND PLUTONS

n Chapter 4 we discussed the origin and evolution

of magma and concluded that (1) mafic magma is

generated beneath spreading ridges, and (2) inter-
mediate and felsic magma forms where an oceanic plate
is subducted beneath another oceanic plate or a conti-
nental plate. Accordingly, most volcanism and emplace-
ment of plutons take place at or near divergent and
convergent plate boundaries.

Igneous Activity at Divergent
Plate Boundaries

Much of the mafic magma that originates at spreading
ridges is emplaced as vertical dikes and gabbro plutons,
thus composing the lower part of the oceanic crust.
However, some rises to the surface and issues forth as
submarine lava flows and pillow lava (Figure 5.7), which
constitutes the upper part of the oceanic crust. Much
of this volcanism goes undetected, but researchers in
submersibles have seen the results of eruptions shortly
after they took place.

Mafic lava is very fluid, allowing gases to escape eas-
ily, and at great depth the water pressure is so great that
explosive volcanism is prevented. In short, pyroclastic
materials are rare to absent unless, of course, a volcanic
center builds up above sea level. Even if this occurs,

however, the mafic magma is so fluid that it forms the
gently sloping layers found on shield volcanoes. Pyro-
clastic materials may be present on shield volcanoes but
never in very great quantity.

Excellent examples of divergent plate boundary vol-
canism are found along the Mid-Atlantic Ridge, particu-
larly where it rises above sea level as in Iceland (Figure
5.17). In November 1963, a new volcanic island, later
named Surtsey, rose from the sea south of Iceland. The
East Pacific Rise and the Indian Ridge are areas of simi-
lar volcanism. A divergent plate boundary is also present
in Africa as the East African Rift system, which is well
known for its volcanoes (Figure 5.17).

Igneous Activity at Convergent
Plate Boundaries

Nearly all of the large active volcanoes in both the
circum-Pacific and Mediterranean belts are composite
volcanoes near the leading edges of overriding plates at
convergent plate boundaries (Figure 5.17). The overrid-
ing plate, with its chain of volcanoes, may be oceanic as
in the case of the Aleutian Islands, or it may be conti-
nental as is, for instance, the South American plate with
its chain of volcanoes along its western edge.

As we noted, these volcanoes at convergent plate
boundaries consist largely of lava flows and pyroclastic
materials of intermediate to felsic composition. Remem-
ber that when mafic oceanic crust partially melts, some
of the magma generated is emplaced near plate bound-
aries as plutons and some is erupted to build up com-
posite volcanoes. More viscous magmas, usually of felsic
composition, are emplaced as lava domes, thus account-
ing for the explosive eruptions that typically occur at
convergent plate boundaries.

In previous sections, we alluded to several eruptions
at convergent plate boundaries. Good examples are the
explosive eruptions of Mount Pinatubo and Mayon vol-
cano in the Philippines; both are near a plate boundary
beneath which an oceanic plate is subducted. Mount St.
Helens, Washington, is similarly situated, but it is on a
continental rather than an oceanic plate. Mount Vesu-
vius in Italy, one of several active volcanoes in that re-
gion, lies on a plate that the northern margin of the
African plate is subducted beneath.

Intraplate Volcanism

Mauna Loa and Kilauea on the island of Hawaii and
Loihi just 32 km to the south are within the interior of
a rigid plate far from any divergent or convergent plate
boundary (Figure 5.17). The magma is derived from the
upper mantle, as it is at spreading ridges, and accord-
ingly is mafic, so it builds up shield volcanoes. Loihi is
particularly interesting because it represents an early
stage in the origin of a new Hawaiian island. It is a sub-
marine volcano that rises more than 3000 m above the
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adjacent seafloor, but its summit is still about 940 m
below sea level.

Even though the Hawaiian volcanoes are not at or
near either a spreading ridge or a subduction zone, their
evolution is nevertheless related to plate movements. No-
tice in Figure 2.25 that the ages of the rocks that make up

GEO

the various Hawaiian islands increase toward the north-
west. Kauai formed 3.8 to 5.6 million years ago, whereas
Hawaii began forming less than 1 million years ago, and
Loihi began to form even more recently. The islands have
formed in succession as the Pacific plate moves continu-
ously over a hot spot now beneath Hawaii and Loihi.

RECAP

Chapter Summary

Volcanism encompasses those processes by which
magma rises to the surface as lava flows and pyro-
clastic materials and associated gases are released
into the atmosphere.

Gases make up only a few percent by weight of
magma. Most is water vapor, but sulfur gases may
have far-reaching climatic effects.

Aa lava flows have surfaces of jagged, angular
blocks, whereas the surfaces of pahoehoe flows are
smoothly wrinkled.

Several other features of lava flows are spatter
cones, pressure ridges, lava tubes, and columnar
joints. Lava erupted under water typically forms
bulbous masses known as pillow lava.

Volcanoes are found in various shapes and sizes,
but all form where lava and pyroclastic materials
are erupted from a vent.

The summits of volcanoes have either a crater or a
much larger caldera. Most calderas form following
voluminous eruptions, and the volcanic peak col-
lapses into a partially drained magma chamber.

Shield volcanoes have low, rounded profiles and are
composed mostly of mafic flows that cool and form
basalt. Small, steep-sided cinder cones form around
a vent where pyroclastic materials erupte and accu-
mulate. Composite volcanoes are made up of lava
flows and pyroclastic materials of intermediate
composition and volcanic mudflows.

Viscous bulbous masses of lava, generally of felsic
composition, form lava domes, which are dangerous
because they erupt explosively.

Fluid mafic lava from fissure eruptions spreads over
large areas to form a basalt plateau.

Pyroclastic sheet deposits result from huge erup-
tions of ash and other pyroclastic materials, partic-
ularly when calderas form.

Geologists have devised a volcanic explosivity index
(VEI) to give a semiquantitative measure of the size
of an eruption. Volume of material erupted and
height of the eruption plume are criteria used to
determine the VEI,; fatalities and property damage
are not considered.

To effectively monitor volcanoes, geologists evalu-
ate several physical and chemical aspects of vol-
canic regions. Of particular importance in
monitoring volcanoes and forecasting eruptions is
detecting volcanic tremor and determining the
eruptive history of a volcano.

About 80% of all volcanic eruptions take place in
the circum-Pacific belt and the Mediterranean belt,
mostly at convergent plate boundaries. Most of the
rest of the eruptions occur along mid-oceanic
ridges or their extensions onto land.

The two active volcanoes on the island of Hawaii
and one just to the south apparently lie above a hot
spot over which the Pacific plate moves.
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Important Terms

aa (p. 117) composite volcano pahoehoe (p. 117)

ash (p. 119) (stratovolcano) (p. 125) pillow lava (p. 117)

basalt plateau (p. 128) crater (p. 121) pyroclastic sheet deposit (p. 128)
caldera (p. 121) fissure eruption (p. 128) shield volcano (p. 121)

Cascade Range (p. 115) lahar (p. 125) volcanic explosivity index (VEI)
cinder cone (p. 125) lava dome (p. 127) (p- 130)

circum-Pacific belt (p. 133) lava tube (p. 117) volcanic tremor (p. 131)
columnar jointing (p. 117) Mediterranean belt (p. 133) volcanism (p. 116

nuée ardente (p. 127)

Review Questions

1. One of the warning signs of an impending 6.
volcanic eruption is volcanic tremor, which is
a. inflation of a volcano as magma rises;
b. changes in groundwater temperature;
c. ground shaking that lasts for minutes
or hours; d. cooling and shrinkage in
lava to form columnar joints; e. erup- 7
tions of fluid lava from long fissures.
2. Pillow lava forms when

a. pyroclastic materials accumulate in
thick layers; b lava erupts under water;
c. globs of lava stick together on a lava
flow’s surface; d. pressure within a flow
causes buckling; e. a volcano’s summit
collapses.
3. An incandescent cloud of gas and particles 8.
erupted from a volcano is a

a. nuée ardente; b. pahoehoe;
c. spatter cone; d. lapilli;
e. caldera.
4. have slopes less than 10 degrees
because they are composed of low-viscosity 9.
lava flows.
a. Lava tubes; b. Pyroclastic sheet
deposits; c. Basalt plateaus; d. Vol-
canic bombs; e. Shield volcanoes.

5. Basalt plateaus form as a result of 10.

a. repeated eruptions of felsic lava;

b. erosion of composite volcanoes;

c. inflation of a volcano as magma rises;
d. eruptions of fluid lava from fissures;
e. volcanic mudflows on cinder cones.

volcano (p. 121)

Most of the active volcanoes are found in the

a. mid-oceanic ridge volcanic zone;

b. Sierra Nevada—Cascade volcanic
province; c. circum-Pacific belt;

d. eastern Atlantic subduction zone;
e. Mediterranean divergent boundary.

. The summits of some volcanoes have very

wide, steep-sided depressions known as
, most of which formed by

a. explosion pits/fissure eruptions;

b. calderas/summit collapse; c. lava
domes/forceful injection; d. basalt
plateaus/eruptions of cinders; e. para-

sitic cones/lava flows.
Pahoehoe is a kind of lava flow with a

a. large component of pyroclastic mate-
rials; b. lava tube; c. smooth ropy
surface; d. mass of interconnected pil-
lows; e. fracture pattern outlining
polygons.

Volcanoes emit several gases, but the most
common one is

a. water vapor; b. carbon dioxide;
c. hydrogen sulfide; d. methane;
e. chlorine.

An area of active volcanism in the Pacific
Northwest of the United States is the

a. Appalachian Mountains;
b. Cascade Range; c. southern
Rocky Mountains; d. Marathon

Mountains; e. Teton Range.
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11. Suppose you find rocks on land that consist 16. What geologic events would have to occur for
of layers of pillow lava overlain by deep-sea a chain of volcanoes to form along the East
sedimentary rocks. Where did the pillow lava Coast of the United States and Canada?
originate, and what type of rock would you 17. What is a lava dome? Why are lava dome
expect to lie beneath the pillow lava? eruptions dangerous?

12. Why are most composite volcanoes at conver- 18. How do aa and pahoehoe lava flows differ?
gent plate boundaries, whereas most shield What accounts for their differences?
volcanoes are at or near divergent plate 19. How does a crater differ from a caldera? How
boundaries? does each form?

13. Explain how a caldera forms. Where would 20. Explain why eruptions of mafic lava are
you go to see an example of a caldera? rather quiet, whereas eruptions of felsic lava

14. What kinds of information do geologists eval- are commonly explosive.
uate when they monitor volcanoes and warn
of imminent eruptions?

15. How do columnar joints and spatter cones

form? Where are good places to see each?

World Wide Web Activities

Assess your understanding of this
chapters toplcs with additional quizzing and compre-
hensive interactivities at

40

as well as current and up-to-date weblinks, additional
readings, and InfoTrac College Edition exercises.

hLlp://()urlhsc'ie'tu‘,e. brookscole. cam/clm11giugea rth4e
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CHAPTER 6
OUTLINE

OBJECTIVES
At the end of this chapter,

Introduction
How Are Earth Materials Altered?
How Does Soil Form and Deteriorate?

GEO-FOCUS 6.1: The Dust Bowl—An
American Tragedy

Weathering and Resources

you will have learned that:

Weathering yields the raw materials
for both soils and sedimentary rocks.
Some weathering processes bring
about physical changes in Earth
materials with no change in compo-
sition, whereas others result in com-
positional changes.

A variety of factors are important in
the origin and evolution of soils.

. . Soil degradation involv | f
Sediment and Sedimentary Rocks e e g, %5 ©

soil productivity that results from
Types of Sedimentary Rocks erosion, chemical pollution, or

compaction.

Sedimentary Facies Sediments are deposited as aggre-

gates of loose solids that may
Reading the Story in Sedimentary Rocks become sedimentary rocks if they

are compacted and/or cemented.
GEOLOGY IN UNEXPECTED PLACES:

. Geologists use texture and composi-
Sandstone Lion i P

tion to classify sedimentary rocks.
A variety of features preserved in
sedimentary rocks are good indica-

Important Resources in Sedimentary Rocks

tors of how the original sediment

Geo-Recap
was deposited.
Most evidence of prehistoric life in
the form of fossils is found in sedi-
mentary rocks.

Weathering is important in the ori-
gin and concentration of some
resources, and sediments and sedi-
mentary rocks are resources them-
selves or contain resources such as
petroleum and natural gas.

GEUlﬂgy@NUW This icon, which appears throughout the book, in-
dicates an opportunity to explore interactive tutorials, animations, or
practice problems available on the GeologyNow website at
http://earthscience.brookscole.com/changingearth4e.

Weathering and erosion along parallel fractures in sedimentary rocks
have yielded the arches and other features such as isolated spires in

Arches National Park in Utah. Delicate Arch is 9.7 m across and 14 m

high. Source: James S. Monroe
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WEATHERING, SOIL, AND SEDIMENTARY ROCKS

Il rocks at or near Earth’s surface as well
as rocklike substances such as pavement
and concrete in sidewalks, bridges, and
foundations decay and crumble with age.

In short, they experience weathering, defined as the physi-
cal breakdown and chemical alteration of Earth materials as
they are exposed to the atmosphere, hydrosphere, and bios-
phere. Actually, weathering is a group of physical and chem-
ical processes that alter Earth materials so that they are more

James S. Monroe

(b)
M Figure 6.1

Most of the granite in this rock exposure has been so thoroughly weathered that only a few rounded
masses of the original rock appear unaltered. The small cones in the foreground consist of individual
minerals, mostly quartz and feldspars, and rock fragments—that is, small pieces of granite.

(b) Closeup view of the weathered material.

nearly in equilibrium with a new set of environmental condi-
tions. For instance, many rocks form within the crust where
little or no oxygen or water is present, but at or near the sur-
face they are exposed to both as well as to lower tempera-
ture and pressure and the activities of organisms.

During weathering, parent material, which is the rock
acted on by weathering, is disaggregated to form smaller
pieces (M Figure 6.1), and some of its constituent minerals are
altered or dissolved. Some of this weathered material simply
accumulates in place and may
be further modified to form
soil. Much of it, however, is re-
moved by erosion, which is the
wearing away of soil and rock
by geologic agents such as run-
ning water. This eroded mater-
ial is carried elsewhere by
running water, wind, glaciers,
and marine currents and is
eventually deposited as sedi-
ment, the raw material for sedi-
mentary rocks.

Weathering, erosion, sed-
iment deposition, and the ori-
gin of sedimentary rocks are
essential parts of the rock
cycle (see Figure 1.12). Earth’s
crust is composed mostly of
crystalline rock, a term that
refers loosely to metamorphic
and igneous rocks, except
those made up of pyroclastic
materials. Nevertheless, sedi-
ment and sedimentary rocks,
making up perhaps only 5% of
the crust, are by far the most
common materials in surface
exposures and in the shallow
subsurface. They cover about
two-thirds of the continents
and most of the seafloor, ex-
cept spreading ridges. All
rocks are important in deci-
phering Earth history, but sed-
imentary rocks have a special
place in this endeavor be-
cause they preserve evidence
of surface processes such as
stream activity, wind, and glac-
iers responsible for them.

Several geologic processes
such as volcanism, shoreline
processes, and glaciation have
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eathering is a surface or near-surface

process, but the rocks it acts on are not

structurally and compositionally homo-
geneous throughout, which accounts for differential
weathering. That is, weathering takes place at different
rates even in the same area, so it commonly results in
uneven surfaces. Differential weathering and differen-
tial erosion—that is, variable rates of erosion—combine
to yield some unusual and even bizarre features, such
as hoodoos, spires, and arches (Figure 6.2).

The two recognized types of weathering, mechanical
and chemical, both proceed simultaneously on parent ma-
terial as well as on materials in transport and those de-
posited as sediment. In short, all surface or near-surface
materials weather, although one type of weathering may
predominate depending on such variables as climate and
rock type. We will discuss mechanical and chemical weath-
ering separately in the next sections only for convenience.

Mechanical Weathering

Mechanical weathering takes place when physical
forces break Earth materials into smaller pieces that re-
tain the composition of the parent material. Granite, for

yielded many areas of exceptional
scenery, but so have weathering and
erosion. We marvel at the intricately
sculpted landscape at Bryce Canyon
National Park in Utah (M Figure 6.2)
and the rugged shoreline at Acadia Na-
tional Park in Maine (see Figure 4.1a).
Weathering and erosion of fractured
rocks in Arches National Park in Utah
have yielded a landscape of isolated
spires and balanced rocks as well as the
arches for which the park was named
(see the chapter opening photo).

In addition to interesting land-
scapes, weathering is responsible
for the origin of some natural re-
sources such as aluminum ore, and
it enriches others by removing solu-
ble materials. Also, some sediments
and sedimentary rocks are resources
themselves or they are the host for
resources such as petroleum and
natural gas.

instance, might be mechanically weathered and yield
smaller pieces of granite or individual grains of quartz,
potassium feldspars, plagioclase feldspars, and biotite
(Figure 6.1). Several physical processes are responsible
for mechanical weathering.

Frost action involving water repeatedly freezing and
thawing in cracks and pores in rocks is particularly ef-
fective where temperatures commonly fluctuate above
and below freezing. In the high mountains of the west-
ern United States and Canada, frost action is effective
even during summer months. But, as one would expect,
it is of little or no importance in the tropics or where
water is permanently frozen. The reason frost action is
so effective is that water expands by about 9% when it
freezes, thus exerting great force on the walls of a crack,
widening and extending it by frost wedging (M Figure
6.3a). Repeated freezing and thawing dislodge angular
pieces of rock from the parent material that tumble down-
slope and accumulate as talus (Figure 6.3b).

Some rocks form at depth and are stable under
tremendous pressure. Granite, for instance, crystallizes
far below the surface, so when it is uplifted and eroded,
its contained energy is released by outward expansion, a
phenomenon known as pressure release. The outward
expansion results in the origin of fractures called sheet
joints that more or less parallel the exposed rock surface.
Sheet-joint-bounded slabs of rock slip or slide off the
parent rock, leaving large, rounded masses known as ex-
foliation domes (M Figure 6.4b).
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(b)

(a) Frost wedging takes place when water seeps into cracks and expands as it freezes. Angular pieces of rock are pried loose by repeated
freezing and thawing. (b) Accumulation of talus (foreground) at the base of a slope. The parent material is highly fractured and quite
susceptible to frost wedging, although other weathering processes also help break the rock into smaller pieces.

That solid rock expands and produces fractures
might be counterintuitive but is nevertheless a well-
known phenomenon. In deep mines, masses of rock de-
tach from the sides of the excavation, often explosively.
These rock bursts and less violent popping pose a danger
to mine workers, and in South Africa they are responsi-
ble for about 20 deaths per year. In some quarries for
building stone, excavations to only 7 or 8 m exposed
rocks in which sheet joints formed (Figure 6.4c), in
some cases with enough force to throw quarrying ma-
chines weighing more than a ton from their tracks.

During thermal expansion and contraction the
volume of rocks changes as they heat up and then cool
down. The temperature may vary as much as 30°C in a
day in a desert, and rock, being a poor conductor of
heat, heats and expands on its outside more than its in-
side. Even dark minerals absorb heat faster than light-
colored ones, so differential expansion takes place
between minerals. Surface expansion might generate
enough stress to cause fracturing, but experiments in
which rocks are heated and cooled repeatedly to simu-
late years of such activity indicate that thermal expan-
sion and contraction are of minor importance in
mechanical weathering.

The formation of salt crystals can exert enough force
to widen cracks and dislodge particles in porous, granu-

lar rocks such as sandstone. And even in rocks with an
interlocking mosaic of crystals, like granite, salt crystal
growth pries loose individual minerals. It takes place
mostly in hot, arid regions, but also probably affects
rocks in some coastal areas.

Animals, plants, and bacteria all participate in the
mechanical and chemical alteration of rocks (M Figure
6.5). Burrowing animals, such as worms, reptiles, rodents,
termites, and ants, constantly mix soil and sediment parti-
cles and bring material from depth to the surface where
further weathering occurs. The roots of plants, especially
large bushes and trees, wedge themselves into cracks in
rocks and further widen them.

Chemical Weathering

Chemical weathering includes those processes by
which rocks and minerals are decomposed by chemical
alteration of the parent material. In contrast to mechan-
ical weathering, chemical weathering changes the com-
position of weathered materials. For example, several
clay minerals (sheet silicates) form by the chemical and
structural alteration of other minerals such as potas-
sium feldspars and plagioclase feldspars, both of which
are framework silicates. Other minerals are completely
decomposed during chemical weathering as their ions
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(c)

(a) Slabs of granitic rock bounded by sheet joints in the Sierra Nevada in California. Notice that these slabs are inclined down toward the
roadway in the lower part of the image. (b) Stone Mountain is a large exfoliation dome in Georgia. (c) A sheet joint formed by expansion in
the Mount Airy Granite in North Carolina. The hammer is about 30 cm long.

are taken into solution, but some chemically stable min-
erals are simply liberated from the parent material.
Important agents of chemical weathering include at-
mospheric gases, especially oxygen, water, and acids. Or-
ganisms also play an important role. Rocks with lichens
(composite organisms made up of fungi and algae) on their
surfaces undergo more rapid chemical alteration than
lichen-free rocks (Figure 6.5b). In addition, plants remove
ions from soil water and reduce the chemical stability of
soil minerals, and plant roots release organic acids.
During solution the ions of a substance separate in a
liquid, and the solid substance dissolves. Water is a remark-
able solvent because its molecules have an asymmetric
shape, consisting of one oxygen atom with two hydrogen
atoms arranged so that the angle between the two hydro-
gen atoms is about 104 degrees (M Figure 6.6). Because of
this asymmetry; the oxygen end of the molecule retains a slight
negative electrical charge, whereas the hydrogen end retains a
slight positive charge. When a soluble substance such as the
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mineral halite (NaCl) comes in contact with a water mole-
cule, the positively charged sodium ions are attracted to the
negative end of the water molecule, and the negatively
charged chloride ions are attracted to the positively charged
end of the molecule (Figure 6.6). Thus, ions are liberated from
the crystal structure, and the solid dissolves.

Most minerals are not very soluble in pure water be-
cause the attractive forces of water molecules are not
sufficient to overcome the forces between particles in
minerals. For instance, the mineral calcite (CaCOyj), the
major constituent of the sedimentary rock limestone and
the metamorphic rock marble, is practically insoluble in
pure water, but it rapidly dissolves if a small amount of
acid is present. One way to make water acidic is by dis-
sociating the ions of carbonic acid as follows:

H,0 + CO, = H,CO; = H" + HCO;~
water carbon  carbonic hydrogen bicarbonate
dioxide acid i i

10n 10n
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(b)

Organisms and weathering. (a) This tree near Anchorage, Alaska, is growing in a crack in the rocks and thus contributes to mechanical
weathering. (b) The irregular orange masses on these rocks on a small island in the Irish Sea are lichens (composite organisms of fungi and
algae). Lichens derive their nutrients from the rock and contribute to chemical weathering.

According to this chemical equation, water and car-
bon dioxide combine to form carbonic acid, a small
amount of which dissociates to yield hydrogen and bi-
carbonate ions. The concentration of hydrogen ions de-
termines the acidity of a solution; the more hydrogen
ions present, the stronger the acid.

Carbon dioxide from several sources may combine
with water and react to form acid solutions. The atmo-
sphere is mostly nitrogen and oxygen, but about 0.03%
is carbon dioxide, causing rain to be slightly acidic. De-
caying organic matter and the respiration of organisms
produce carbon dioxide in soils, so groundwater is also
generally slightly acidic. Climate affects the acidity,
however, with arid regions tending to have alkaline
groundwater (that is, it has a low concentration of hy-
drogen ions).

Whatever the source of carbon dioxide, once an
acidic solution is present, calcite rapidly dissolves ac-
cording to the reaction

CaCO; + H,O0 + CO, = Ca*™ + 2HCO;~
calcite water carbon  calcium bicarbonate
For more Cengage Learningﬁﬁ@éﬁ;d@ks, visﬁQﬁNw.cengagebiQm.co.uk

The term oxidation has a variety of meanings for
chemists, but in chemical weathering it refers to reac-
tions with oxygen to form an oxide (one or more metallic
elements combined with oxygen) or, if water is present,
a hydroxide (a metallic element or radical combined with
OH). For example, iron rusts when it combines with oxy-
gen to form the iron oxide hematite:

4Fe + 30, - 2Fe, 05
iron iron oxide

(hematite)

oxygen

Of course, atmospheric oxygen is abundantly avail-
able for oxidation reactions, but oxidation is generally a
slow process unless water is present. Thus, most oxida-
tion is carried out by oxygen dissolved in water.

Oxidation is important in the alteration of ferro-
magnesian silicates such as olivine, pyroxenes, amphi-
boles, and biotite. Iron in these minerals combines
with oxygen to form the reddish iron oxide hematite
(Fe,03) or the yellowish or brown hydroxide limonite
[FeO(OH)-nH,0]. The yellow, brown, and red colors of
many soils and sedimentary rocks are caused by the
presence of small amounts of hematite or limonite.
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(a) The structure of a water molecule. The asymmetric arrangement of hydrogen atoms causes the

(a) molecule to have a slight positive electrical charge at its hydrogen end and a slight negative charge at
its oxygen end. (b) Solution of sodium chloride (NaCl), the mineral halite, in water. Note that the
sodium atoms are attracted to the oxygen end of a water molecule, whereas chloride ions are
attracted to the hydrogen end of the molecule.

The chemical reaction between the hydrogen (H™)
ions and hydroxyl (OH™) ions of water and a mineral’s
ions is known as hydrolysis. In hydrolysis, hydrogen ions
actually replace positive ions in minerals. Such replace-
ment changes the composition of minerals and liberates
iron that then may be oxidized.

The chemical alteration of the potassium feldspar
orthoclase provides a good example of hydrolysis. All
feldspars are framework silicates, but when altered, they
yield soluble salts and clay minerals, such as kaolinite,
which are sheet silicates. The chemical weathering of
orthoclase by hydrolysis occurs as follows:

2KAISi,0g + 2H* + 2HCO,~ + H,0—
orthoclase hydrogen  bicarbonate water
ion ion

ALSi,O,(OH), + 2K* + 2HCO,~ + 4SiO,
clay (kaolinite) potassium bicarbonate silica
ion ion

In this reaction hydrogen ions attack the ions in the ortho-
clase structure, and some liberated ions are incorporated
in a developing clay mineral. The potassium and bicarbon-

For maf€ daRg g intasplytianand cambing (@ fepmessalublgsalt.

On the right side of the equation is excess silica that would
not fit into the crystal structure of the clay mineral.

Factors That Control the Rate of Chemical Weathering
Chemical weathering processes operate on the surface
of particles, so they alter rocks and minerals from the
outside inward. In fact, if you break open a weathered
stone, it is common to see a rind of weathering at and
near the surface, but the stone is completely unaltered
inside. The rate at which chemical weathering proceeds
depends on several factors. One is simply the presence
or absence of fractures because fluids seep along frac-
tures, accounting for more intense chemical weathering
along these surfaces (M Figure 6.7). Of course, other fac-
tors also control chemical weathering, including particle
size, climate, and parent material.

Because chemical weathering affects particle sur-
faces, the greater the surface area, the more effective is
the weathering. It is important to realize that small par-
ticles have larger surface areas compared to their vol-
ume than do large particles. Notice in B Figure 6.8 that
a block measuring 1 m on a side has a total surface area of
6 m?, but when the block is broken into particles measur-
ing 0.5 m on a side, the total surface area increases to 12
m2. And if these particles are all reduced to 0.25 m on a
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Fluids seep along fractures where chemical weathering is more
intense than it is in unfractured parts of the same rock. Notice that a
narrow white band stands out in relief near the left side of the
image. This is composed of quartz, which is more resistant to
chemical weathering than is the granitic host rock.

side, the total surface area increases to 24 m2. Note that
although the surface area in this example increases, the
total volume remains the same at 1 m3.

We can conclude that mechanical weathering con-
tributes to chemical weathering by yielding smaller par-
ticles with greater surface area compared to their
volume. Actually, your own experiences with particle size
verify our contention about surface area and volume. Be-
cause of its very small particle size, powdered sugar gives
an intense burst of sweetness as the tiny pieces dissolve
rapidly, but otherwise it is the same as the granular sugar
we use on our cereal or in our coffee. As an experiment,
see how long it takes for crushed ice and an equal vol-
ume of block ice to melt, or determine the time it takes
to boil an entire potato as opposed to one cut into small
pieces.

It is not surprising that chemical weathering is more
effective in the tropics than in arid and arctic regions
because temperatures and rainfall are high and evapora-
tion rates are low. In addition, vegetation and animal life
are much more abundant. Consequently, the effects of
weathering extend to depths of several tens of meters,

Surface area = 6 m? Surface area = 12 m?

Tm

[0.5 m
(a)
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but they commonly extend only centimeters to a few me-
ters deep in arid and arctic regions.

Some rocks are more resistant to chemical alteration
than others and thus are not altered as rapidly, so parent
material is another control on the rate of chemical
weathering. For example, the metamorphic rock quartzite
is an extremely stable substance that alters slowly com-
pared to most other rock types. In contrast, basalt, which
contains large amounts of calcium-rich plagioclase and
pyroxene minerals, decomposes rapidly because these
minerals are chemically unstable. In fact, the stability of
common minerals is just the opposite of their order of
crystallization in Bowen’s reaction series (Table 6.1, also
see Figure 4.3): The minerals that form last in this series
are chemically stable, whereas those that form early are
more easily altered because they are most out of equilib-
rium with their conditions of formation.

One manifestation of chemical weathering is spher-
oidal weathering (M Figure 6.9). In spheroidal weather-
ing, a stone, even one that is rectangular to begin with,
weathers to form a more spherical shape because that is
the most stable shape it can assume. The reason is that on
a rectangular stone the corners are attacked by weathering
from three sides, and the edges are attacked from two sides,
but the flat surfaces weather more or less uniformly (Fig-
ure 6.9). Consequently, the corners and edges are altered
more rapidly, the material sloughs off, a more spherical
shape develops (Figure 6.9), and all surfaces weather at the
same rate.

HOW DOES SOIL FORM
AND DETERIORATE?

layer of regolith, a collective term for sedi-
ment as well as layers of pyroclastic materi-
als and the residue formed in place by
weathering, covers most of Earth’s land surface. Some
regolith consisting of weathered materials, air, water,
and organic matter supports vegetation and is called
soil. Almost all land-dwelling organisms depend directly
or indirectly on soil for their existence. Plants grow in

M Figure 6.8

As a rock is divided into smaller and
smaller particles, its surface area
increases but its volume remains the
same. In (a) the surface area is 6 m2,
and in (c) 24 m2, but the volume
remains the same at 1 m3. Smaller
particles have more surface area
compared to their volume than do
larger particles.
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Table 6.1

Stability of Silicate Minerals

Ferromagnesian Nonferromagnesian

Silicates Silicates

> Olivine Calcium plagioclase
::é Pyroxene

& Amphibole Sodium plagioclase
g Biotite Potassium feldspar

§ Muscovite

2 Quartz

soil from which they derive their nutrients and most of
their water, whereas many land-dwelling animals de-
pend on plants for nutrients.

About 45% of good soil for farming and gardening is
composed of weathered particles, with much of the re-
maining volume simply void spaces filled with air and/or
water. In addition, a small but important amount of
humus is usually present. Humus is carbon derived by
bacterial decay of organic matter and is highly resistant
to further decay. Even a fertile soil might have as little
as 5% humus, but it is nevertheless important as a

source of plant nutrients and it enhances a soil’s capac-
ity to retain moisture.

Some weathered materials in soils are simply sand-
and silt-sized mineral grains, especially quartz, but other
minerals may be present as well. These solids hold soil
particles apart, allowing oxygen and water to circulate
more freely. Clay minerals are also important in soils and
aid in the retention of water as well as supplying nutri-
ents to plants. Soils with excess clay minerals, however,
drain poorly and are sticky when wet and hard when dry.

Residual soils form when parent material weathers
in place. For example, if a body of granite weathers, and
the weathering residue accumulates over the granite and
is converted to soil, the soil thus formed is residual. In
contrast, transported soils develop on weathered material
that was eroded at the weathering site and carried to a
new location, where it is altered to soil.

The Soil Profile

Observed in vertical cross section, soil consists of dis-
tinct layers or soil horizons that differ from one another
in texture, structure, composition, and color (M Figure
6.10). Starting from the top, the soil horizons are desig-
nated O, A, B, and C, but the boundaries between hori-
zons are transitional. Because soil formation begins at the

M Figure 6.9

James S. Monroe

(d)

Spheroidal weathering. (a) The rectangular blocks outlined by fractures are attacked by chemical weathering processes, but (b) corners and
edges weather most rapidly. (c) When the blocks are weathered so that their shape is more nearly spherical, their surface weathers evenly
and no further change in shape takes place. (d) Exposure of granitic rocks reduced to spherical boulders.
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Horizons

O = thin layer of organic matter

A = zone of leaching (topsoil)

B = zone of accumulation
(subsoil)

C = partially altered parent
material grading down into
— unaltered parent material

M Figure 6.10

The soil horizons in a fully developed soil.

surface and works downward, horizon A is more altered
from the parent material than the layers below.

Horizon O, which is only a few centimeters thick,
consists of organic matter. The remains of plant materi-
als are clearly recognizable in the upper part of horizon
O, but its lower part consists of humus.

Horizon A, called topsoil, contains more organic
matter than horizons B and C below. It is also character-
ized by intense biological activity because plant roots,
bacteria, fungi, and animals such as worms are abun-
dant. Threadlike soil bacteria give freshly plowed soil its
earthy aroma. In soils developed over a long period of
time, horizon A consists mostly of clays and chemically
stable minerals such as quartz. Water percolating down
through horizon A dissolves soluble minerals and carries
them away or downward to lower levels in the soil by a
process called leaching. Accordingly, horizon A is also
referred to as the zone of leaching.

Horizon B, or subsoil, contains fewer organisms and
less organic matter than horizon A (Figure 6.10). Hori-
zon B is also known as the zone of accumulation because
soluble minerals leached from horizon A accumulate as
irregular masses. If horizon A is eroded, leaving horizon
B exposed, plants do not grow as well, and if it is clayey,
it is harder when dry and stickier when wet than other
soil horizons.

Horizon C has little organic matter and consists of
partially altered parent material grading down into unal-
tered parent material (Figure 6.10). In horizons A and
B, the composition and texture of the parent material
have been so thoroughly altered that it is no longer rec-
ognizable. In contrast, rock fragments and mineral
grains of the parent material retain their identity in hori-
zon C.

Factors That Control Soil Formation

Soil scientists know that climate is the single most im-

portant factor in soil origins, but complex interactions
For more Cengage Learning textbooks, visit www.cengagebrain.co.uk

among several factors account for soil type, thickness,
and fertility (M Figure 6.11). A very general classification
recognizes three major soil types characteristic of different
climatic settings. Soils that develop in humid regions such
as the eastern United States and much of Canada are ped-
alfers, a name derived from the Greek word pedon, mean-
ing “soil,” and from the chemical symbols for aluminum
(Al) and iron (Fe). Because these soils form where abun-
dant moisture is present, most of the soluble minerals have
been leached from horizon A. Although it may be gray,
horizon A is commonly dark because of abundant organic
matter, and aluminum-rich clays and iron oxides tend to
accumulate in horizon B.

Soils found in much of the arid and semiarid west-
ern United States, especially the Southwest, are pedo-
cals. Pedocal derives its name in part from the first three
letters of “calcite.” These soils contain less organic mat-
ter than pedalfers, so horizon A is lighter colored and
contains more unstable minerals because of less intense
chemical weathering. As soil water evaporates, calcium
carbonate leached from above precipitates in horizon B
where it forms irregular masses of caliche. Precipitation
of sodium salts in some desert areas where soil water
evaporation is intense yields alkali soils that are so alka-
line they cannot support plants.

Laterite forms in the tropics where chemical weath-
ering is intense and leaching of soluble minerals is com-
plete. These soils are red, extend to depths of several
tens of meters, and are composed largely of aluminum
hydroxides, iron oxides, and clay minerals; even quartz,
a chemically stable mineral, is leached out (M Figure
6.12).

Although laterites support lush vegetation, they are
not very fertile. The native vegetation is sustained by nu-
trients derived mostly from the surface layer of organic
matter, but little humus is present in the soil itself be-
cause bacterial action destroys it. When laterite is
cleared of its native vegetation, the surface accumula-
tion of organic matter rapidly oxidizes, and there is little
to replace it. Consequently, societies that practice slash-
and-burn agriculture clear these soils and raise crops for
only a few years at best. Then the soil is depleted of plant
nutrients, the clay-rich laterite bakes brick hard in the
tropical sun, and the farmers move on to another area
where the process is repeated.

The same rock type can yield different soils in dif-
ferent climatic regimes, and in the same climatic regime
the same soils can develop on different rock types. Thus,
it seems that climate is more important than parent ma-
terial in determining the type of soil. Nevertheless, rock
type does exert some control. For example, the metamor-
phic rock quartzite will have a thin soil over it because it
is chemically stable, whereas an adjacent body of gran-
ite will have a much deeper soil.

Soils depend on organisms for their fertility, and in
return they provide a suitable habitat for many organ-
isms. Earthworms—as many as a million per acre—ants,
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Generalized diagram showing soil formation as a function of climate and vegetation altering parent material over time. Soil-forming
processes operate most vigorously where precipitation and temperatures are high, as in the tropics.

sowbugs, termites, centipedes, millipedes, and nema-
todes, along with various types of fungi, algae, and sin-
gle-celled organisms, make their homes in soil. All
contribute to the formation of soils and provide humus
when they die and are decomposed by bacterial action.

Much of the humus in soils is provided by grasses
or leaf litter that microorganisms decompose to obtain

M Figure 6.12

Laterite, shown here in Madagascar, is a deep red soil that forms in
the tropics.
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food. In so doing, they break down organic compounds
in plants and release nutrients back into the soil. In ad-
dition, organic acids produced by decaying soil organ-
isms are important in further weathering of parent
materials and soil particles.

Burrowing animals constantly churn and mix soils,
and their burrows provide avenues for gases and water.
Soil organisms, especially some types of bacteria, are ex-
tremely important in changing atmospheric nitrogen
into a form of soil nitrogen suitable for use by plants.

The difference in elevation between high and low
points in a region is called relief. And because climate is
such an important factor in soil formation and climate
changes with elevation, areas with considerable relief
have different soils in mountains and adjacent lowlands.
Slope also is an important control, but it actually influ-
ences soil formation in two ways. One is simply slope
angle; steep slopes have little or no soil because weath-
ered materials are eroded faster than soil-forming
processes can operate. The other factor is slope direc-
tion. In the Northern Hemisphere, north-facing slopes
receive less sunlight than south-facing slopes and have
cooler internal temperatures, support different vegeta-
tion, and if in a cold climate, remain snow covered or
frozen longer.

How much time is needed to develop a centimeter
of soil or a fully developed soil a meter or so deep? We
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The Dust Bowl—An American Tragedy

he stock market crash of

1929 ushered in the

Great Depression, a

time when millions of
people were unemployed and
many had no means to acquire food
and shelter. Urban areas were af-
fected most severely by the depres-
sion, but rural areas suffered as well,
especially during the great drought
of the 1930s. Prior to the 1930s,
farmers had enjoyed a degree of
success unparalleled in U.S. history.
During World War | (1914-1918), the
price of wheat soared, and after the
war when Europe was recovering,
the government subsidized wheat
prices. High prices and mechanized
farming resulted in more and more
land being tilled. Even the weather
cooperated, and land in the west-
ern United States that would other-
wise have been marginally
productive was plowed. Deep-
rooted prairie grasses that held the
soil in place were replaced by shal-
low-rooted wheat.

Beginning in about 1930,
drought prevailed throughout the
country; only two states—Maine
and Vermont—were not drought-
stricken. Drought conditions varied
from moderate to severe, but the
consequences were particularly se-
vere in the southern Great Plains.

Some rain fell, but not enough to
maintain agricultural production.
And because the land, even mar-
ginal land, had been tilled, the na-
tive vegetation was no longer
present to keep the topsoil from
blowing away. And blow away it
did—in huge quantities.

A large region in the southern
Great Plains that was particularly
hard hit by drought, dust storms,
and soil erosion came to be known
as the Dust Bowl. Although its
boundaries were not well defined, it
included parts of Kansas, Colorado,
and New Mexico as well as the pan-
handles of Oklahoma and Texas
(M Figure 1a); together the Dust Bowl
and its less affected fringe area cov-
ered more than 400,000 km?!

Dust storms were common during
the 1930s, and some reached phe-
nomenal sizes (Figure 1b). One of the
largest storms occurred in 1934 and
covered more than 3.5 million km?2. It
liftted dust nearly 5 km into the air,
obscured the sky over large parts of
six states, and blew hundreds of mil-
lions of tons of soil eastward where it
settled on New York City, Washing-
ton, DC, and other eastern cities, as
well as on ships as far as 480 km out
in the Atlantic Ocean. The Soil Con-
servation Service reported dust
storms of regional extent on 140 oc-

casions during 1936 and 1937. Dust
was everywhere. It seeped into
houses, suffocated wild animals and
livestock, and adversely affected
human health.

The dust was, of course, the ma-
terial from the tilled lands; in other
words, much of the topsoil simply
blew away. Blowing dust was not the
only problem; sand piled up along
fences, drifted against houses and
farm machinery, and covered what
otherwise might have been produc-
tive soils. Agricultural production fell
precipitously in the Dust Bowl, farm-
ers could not meet their mortgage
payments, and by 1935 tens of thou-
sands were homeless, on relief, or
leaving (Figure 1c). Many of these
people went west to California and
became the migrant farm workers
immortalized in John Steinbeck’s
novel The Grapes of Wrath.

The Dust Bowl was an economic
disaster of great magnitude.
Droughts had stricken the southern
Great Plains before and have done
so since—from August 1995 well
into the summer of 1996, for
instance—but the drought of the
1930s was especially severe. Politi-
cal and economic factors contri-
buted to the disaster. Due in part
to the artificially inflated wheat
prices, many farmers were deeply in

can give no definite answer because weathering pro-
ceeds at vastly different rates depending on climate and
parent material, but an overall average might be about
2.5 cm per century. Nevertheless, a lava flow a few cen-
turies old in Hawaii may have a well-developed soil on
it, whereas a flow the same age in Iceland will have con-
siderably less soil. Given the same climatic conditions,

resource.
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soil develops faster on unconsolidated sediment than it
does on bedrock.

Under optimum conditions, soil-forming processes
operate rapidly in the context of geologic time. From
the human perspective, though, soil formation is
a slow process; consequently, soil is a nonrenewable
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(c)

(b) This huge dust storm was photographed at Lamar, Colorado, in 1934. (c) By the mid-1930s, tens of
thousands of people were on relief, homeless, or leaving the Dust Bowl. In 1939, Dorthea Lange photographed this homeless family of seven

in Pittsburgh County, Oklahoma.

debt—mostly because they had
purchased farm machinery in order
to produce more and benefit from
the high prices. Feeling economic
pressure because of their huge
debts, they tilled marginal land and

tion measures.

employed few, if any, soil conserva-

If the Dust Bowl has a bright
side, it is that the government,
farmers, and the public in general
no longer take soil for granted or

regard it as a substance that needs
no nurturing. In addition, a number
of soil conservation methods devel-
oped then have now become stan-
dard practices.

Soil Degradation

Soils are nonrenewable, so soil losses that exceed the
rate of formation are viewed with alarm. Likewise any
reduction in soil fertility and productivity is cause for
concern, especially in areas where soils already provide
only a marginal existence. Erosion and chemical and

physical deterioration are all forms of soil degradation
and are serious problems in many parts of the world.
Erosion, an ongoing natural process, is usually slow
enough for soil formation to keep pace, but unfortunately,
some human practices add to the problem. Removing nat-
ural vegetation by plowing, overgrazing, overexploitation
for fire wood, and deforestation all contribute to erosion
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What Would You Do

In the past few years many gullies have appeared in
farmer’s fields in your area, and residents of your area
are concerned because agriculture is the main source of
jobs and tax revenue. Obviously a decrease in agricul-
tural production would be an economic disaster. You
are appointed to a county board charged with making
recommendations to prevent or at least minimize ero-
sion on local croplands. How would you determine what
caused the problem, and what specific recommenda-
tions would you make to reduce gullying?

by wind and running water. The Dust Bowl that devel-
oped in several Great Plains states during the 1930s is a
poignant example of just how effective wind erosion is on
soil pulverized and exposed by plowing (see Geo-Focus
6.1).

Although wind has caused considerable soil erosion
in some areas, running water is much more powerful.
Some soil is removed by sheet erosion, which involves the
removal of thin layers of soil more or less evenly over a
broad, sloping surface. Rill erosion, in contrast, takes
place when running water scours small, troughlike chan-
nels. Channels shallow enough to be eliminated by plow-
ing are rills, but those too deep (about 30 ¢m) to be
plowed over are gullies (M Figure 6.13). Where gullying is
extensive, croplands can no longer be tilled and must be
abandoned.

Soil undergoes chemical deterioration when its nu-
trients are depleted and its productivity decreases. Loss

(a)
M Figure 6.13

H. H. Walsron/USGS

of soil nutrients is most notable in many of the populous
developing nations where soils are overused to maintain
high levels of agricultural productivity. Chemical deteri-
oration is also caused by insufficient use of fertilizers
and by clearing soils of their natural vegetation. Exam-
ples of chemical deterioration can be found everywhere,
but it is most prevalent in South America, where it ac-
counts for nearly 30% of all soil degradation.

Other types of chemical deterioration are pollution
and salinization, which occurs when the concentration
of salts increases in a soil, making it unfit for agricul-
ture. Improper disposal of domestic and industrial
wastes, oil and chemical spills, and the concentration of
insecticides and pesticides in soils all cause pollution.
Soil pollution is a particularly serious problem in some
parts of Eastern Europe.

Soil deteriorates physically when it is compacted by
the weight of heavy machinery and livestock, especially
cattle. Compacted soils are more costly to plow, and
plants have a more difficult time emerging from them.
Furthermore, water does not readily infiltrate, so more
runoff occurs; this in turn accelerates the rate of water
erosion.

In North America, the rich prairie soils of the mid-
western United States and the Great Plains of the
United States and Canada are suffering soil degrada-
tion. Nevertheless, this degradation is moderate and
less serious than in many other parts of the world.
Problems experienced during the past have stimulated
the development of methods to minimize soil erosion
on agricultural lands. Crop rotation, contour plowing,
and the construction of terraces have all proved help-
ful (M Figure 6.14). So has no-till planting, in which
the residue from the harvested crop is left on the
ground to protect the surface from the ravages of wind
and water.

(b)

(a) Rill erosion in a field in Michigan during a rainstorm. The rill was later plowed over. (b) A large gully in the upper basin of the Rio Reventado

in Costa Rica.
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WEATHERING
AND RESOURCES

e have discussed various aspects of soils,
which are certainly one of our most pre-
cious natural resources. Indeed, if it
were not for soils, food production on Earth would be
vastly different and capable of supporting far fewer peo-
ple. In addition, other aspects of soils are important
economically. We discussed the origin of laterite in re-
sponse to intense chemical weathering in the tropics,
and we noted further that they are not very productive.
If the parent material is rich in aluminum, however, the
ore of aluminum called bauxite accumulates in horizon
B. Some bauxite is found in Arkansas, Alabama, and
Georgia, but at present it is cheaper to import rather
than mine these deposits, so both the United States and
Canada depend on foreign sources of aluminum ore.
Bauxite and other accumulations of valuable miner-
als by the selective removal of soluble substances during
chemical weathering are known as residual concentra-
tions. Certainly bauxite is a good example of a residual
concentration, but other deposits that formed in a simi-
lar fashion are those rich in iron, manganese, clays,
nickel, phosphate, tin, diamonds, and gold. Some of the
sedimentary iron deposits in the Lake Superior region of
the United States and Canada were enriched by chemi-
cal weathering when soluble parts of the deposits were
carried away. Some kaolinite deposits in the southern
United States formed when chemical weathering altered
feldspars in pegmatites or as residual concentrations of

M Figure 6.14

Contour plowing and strip cropping are
two soil conservation practices used on
this farm. Contour plowing involves
plowing parallel to the contours of the
land to inhibit runoff and soil erosion. In
strip cropping, row crops such as corn
alternate with other crops such as grass.

clay-rich limestones and dolostones. Kaolinite is a clay
mineral used in the manufacture of paper and ceramics.

Chemical weathering is also responsible for gossans
and ore deposits that lie beneath them. A gossan is a yel-
low to red deposit made up mostly of hydrated iron ox-
ides that formed by oxidation and leaching of sulfide
minerals such as pyrite (FeS,). The dissolution of pyrite
and other sulfides forms sulfuric acid, which causes
other metallic minerals to dissolve, and these tend to be
carried down toward the groundwater table, where the
descending solutions form minerals containing copper,
lead, and zinc. Gossans have been mined for iron, but
they are far more important as indicators of underlying
ore deposits.

SEDIMENT AND
SEDIMENTARY ROCKS

eathering, erosion, transport, and depo-

sition are essential parts of the rock

cycle (see Figure 1.12) because they are
responsible for the origin and deposition of sediment
that may become sedimentary rock. The term sediment
refers to (1) all solid particles of preexisting rocks
yielded by weathering, (2) minerals derived from solu-
tions that contain materials dissolved during chemical
weathering, and (3) minerals extracted from water,
mostly seawater, by organisms to build their shells.
Sedimentary rock is any rock made up of consolidated
sediment.
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One important criterion for classifying sedimentary
particles is their size, particularly for solid particles, or
detrital sediment, as opposed to chemical sediment,
which consists of minerals extracted from solution by in-
organic chemical processes or the activities of organ-
isms. Particles described as gravel measure more than 2
mm, whereas sand measures 7-—2 mm, and silt is any
particle between 5%z and = mm. None of these designa-
tions implies anything about composition; most gravel is
made up of rock fragments—that is, small pieces of
granite, basalt, or any other rock type—but sand and silt
grains are usually single minerals, especially quartz. Par-
ticles smaller than 55; mm are termed clay, but clay has
two meanings. One is simply a size designation, but the
term also refers to certain types of sheet silicates known
as clay minerals. However, most clay minerals are also
clay sized.

Sediment Transport and Deposition

Weathering is fundamental to the origin of sediment
and sedimentary rocks, and so are erosion and deposi-
tion—that is, the movement of sediment by natural
processes and its accumulation in some area. Because
glaciers are moving solids, they can carry sediment of
any size, whereas wind transports only sand and smaller
sediment. Waves and marine currents transport sedi-
ment along shorelines, but running water is by far the
most common way to transport sediment from its source
to other locations.

During transport, abrasion reduces the size of parti-
cles, and the sharp corners and edges are worn smooth,
a process known as rounding, as pieces of sand and
gravel collide with one another (M Figure 6.15a, b).
Transport and processes that operate where sediment accu-
mulates also result in sorting, which refers to the particle-
size distribution in a sedimentary deposit. Sediment is
characterized as well sorted if all particles are about the

(a)
M Figure 6.15

same size, and poorly sorted if a wide range of particle sizes
is present (Figure 6.15¢). Both rounding and sorting have
important implications for other aspects of sediment and
sedimentary rocks, such as how readily fluids move
through them, and they also help geologists decipher the
history of a deposit.

Regardless of how sediment is transported, it is
eventually deposited in some geographic area known
as a depositional environment. Deposition might
take place on a floodplain, in a stream channel, on a
beach, on the seafloor, or in a variety of other deposi-
tional environments where physical, chemical, and bi-
ological processes impart various characteristics to
the accumulating sediment. Geologists recognize
three major depositional settings: continental (on the
land), transitional (on or near seashores), and marine,
each with several specific depositional environments
(M Figure 6.16).

How Does Sediment Become
Sedimentary Rock?

A deposit of detrital sediment consists of a loose ag-
gregate of particles. Mud accumulating in lakes and
sand and gravel in stream channels or on beaches are
good examples (Figure 6.15). To convert these aggre-
gates of particles into sedimentary rocks requires
lithification by compaction, cementation, or both
(M Figure 6.17).

To illustrate the relative importance of compaction
and cementation, consider a detrital sedimentary deposit
made up of mud and another composed of sand. In both
cases, the sediment consists of solid particles and pore
spaces, the voids between particles. These deposits are
subjected to compaction from their own weight and the
weight of any additional sediment deposited on top of
them, thereby reducing the amount of pore space and the
volume of the deposit. Our hypothetical mud deposit may

Images not available due to copyright restrictions

Rounding and sorting. (a) Beginning students often mistake rounding to mean ball-shaped or spherical. All three of these stones are well
rounded, meaning that their sharp corners and edges have been worn smooth.
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M Figure 6.16

Depositional environments. Continental environments are shown in red type. The environments along the seashore, shown in blue type, are
transitional from continental to marine. The others, shown in black type, are marine environments.

have 80% water-filled pore space, but after compaction
its volume is reduced by as much as 40% (Figure 6.17).
The sand deposit with as much as 50% pore space is also
compacted, but far less than the mud deposit, so that the
grains fit more tightly together (Figure 6.17).

Compaction alone is sufficient for lithification of
mud, but for sand and gravel cementation involving the
precipitation of minerals in pore spaces is also neces-
sary. The two most common chemical cements are cal-
cium carbonate (CaCO;) and silicon dioxide (SiO,), but
iron oxide and hydrOXIde cement, such as hematlte
(Fe,03) and limonite [FeO(OH)-nH,0], are found in
some sedimentary rocks. Recall that calcium carbonate
readily dissolves in water that contains a small amount
of carbonic acid, and chemical weathering of feldspars
and other minerals yields silica in solution. Cementa-
tion takes place when minerals precipitate in the pore
spaces of sediment from circulating water, thereby bind-
ing the loose particles together. Iron oxide and hydrox-
ide cements account for the red, yellow, and brown
sedimentary rocks found in many areas (see the chapter
opening photo).

We have explained lithification of detrital sediments,
but we have not yet considered this process in chemical
sediments. By far the most common chemical sediments
are calcium carbonate mud and sand- and gravel-sized

accumulations of calcium carbonate grains, such as
shells and shell fragments. Compaction and cementa-
tion also take place in these sediments, converting them
into various types of limestone, but compaction is gen-
erally less effective because cementation takes place
soon after deposition. In any case, the cement is calcium
carbonate derived by partial solution of some of the par-
ticles in the deposit.

/:, Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “The Rock

Cycle” (click Rocks and the Rock Cycle—Rock Cycle).

TYPES OF
SEDIMENTARY ROCKS

hus far, we have considered the origin of sedi-

ment, its transport, deposition, and lithifica-

tion. We now turn to the types of sedimentary
rocks and how they are classified. The two broad classes
or types of sedimentary rocks are detrital and chemical,
although the latter has a subcategory known as bio-
chemical (Table 6.2).
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Sediment Process

Gravel > 2 mm Compaction/cementation
] LIS

Rounded clasts

{

Angular clasts

Sand 2 mm—i mm Compaction/cementation

| 2

. 1 1 . .
Silt %8 mm-— 325 mm Compaction/cementation

oy

Clay < %5 mm Compaction
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Mudstone | _ Siltand clay
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mmm) === Claystone | Mostly clay

*Fissile refers to rocks capable of splitting along closely spaced planes.

B Figure 6.17

Lithification of detrital sediments and the classification of detrital sedimentary rocks. Notice that little compaction takes place in sand and gravel.

Detrital Sedimentary Rocks

Detrital sedimentary rocks are made up of detritus, the
solid particles such as sand and gravel derived from par-
ent material. All detrital sedimentary rocks have a clas-
tic texture, meaning they are composed of particles or

Table 6.2

fragments known as clasts. The several varieties in this
broad category are classified by the size of their con-
stituent particles, although composition is used to mod-
ify some rock names.

Both conglomerate and sedimentary breccia are com-
posed of gravel-sized particles (Figure 6.17 and M Figure

Classification of Chemical and Biochemical Sedimentary Rocks

CHEMICAL SEDIMENTARY ROCKS

Texture Composition

Varies Calcite (CaCO,)

Varies Dolomite [CaMg(CO),]
Crystalline Gypsum (CaSO,-2H,0)
Crystalline Halite (NaCl)

Rock Name
Limestone
Carbonate rocks
Dolostone
Rock gypsum
Evaporites
Rock salt

BIOCHEMICAL SEDIMENTARY ROCKS

Clastic Calcite (CaCOg) shells
Usually crystalline Altered microscopic shells of SiO,,

— Carbon from altered land plants

Limestone (various types such as chalk and coquina)
Chert (various color varieties)

Coal (lignite, bituminous, anthracite)
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(a) Conglomerate

(b) Sedimentary breccia

(c) Quartz sandstone

M Figure 6.18

Detrital sedimentary rocks. (a) Conglomerate with rounded gravel particles measuring 4 to 5 cm on average. (b) Sedimentary breccia is made
up of angular gravel. (c) Quartz sandstone. (d) Exposure of shale in Tennessee. Source: Sue Monroe

6.18a, b), but conglomerate has rounded gravel, whereas
sedimentary breccia has angular gravel. Conglomerate is
common, but sedimentary breccia is rare because gravel-
sized particles become rounded very quickly during trans-
port. Thus, if you encounter sedimentary breccia, you can
conclude that its angular gravel has experienced little trans-
port, probably less than a kilometer. Considerable energy is
needed to transport gravel, so conglomerate is usually found
in environments such as stream channels and beaches.
Sand is simply a size designation for particles be-
tween g and 2 mm, so any mineral or rock fragment can
be in sandstone. Geologists recognize varieties of sand-
stone based on mineral content (Figures 6.17 and
6.18c). Quartz sandstone is the most common and, as
the name implies, is made up mostly of quartz grains.
Another variety of sandstone called arkose contains at

least 25% feldspar minerals. Sandstone is found in a
number of depositional environments, including stream
channels, sand dunes, beaches, barrier islands, deltas,
and the continental shelf.

Mudrock is a general term that encompasses all de-
trital sedimentary rocks composed of silt- and clay-size
particles (Figure 6.17). Varieties include siltstone, com-
posed mostly of silt-sized particles, mudstone, a mixture
of silt and clay, and claystone, composed primarily of
clay-sized particles. Some mudstones and claystones are
designated shale if they are fissile, meaning that they
break along closely spaced parallel planes (Figure
6.18d). Even weak currents can transport silt- and clay-
sized particles, and deposition takes place only where
currents and fluid turbulence are minimal, as in the
quiet offshore waters of lakes or in lagoons.
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Chemical and Biochemical
Sedimentary Rocks

Several compounds and ions taken into solution during
chemical weathering are the raw materials for chemi-
cal sedimentary rocks. Some of these rocks have a crys-
talline texture, meaning they are composed of a mosaic
of interlocking mineral crystals. Others, though, have a
clastic texture; some limestones, for instance, are com-
posed of fragmented seashells. Organisms play an im-
portant role in the origin of chemical sedimentary rocks
designated biochemical sedimentary rocks.

Limestone and dolostone, the most abundant chemi-
cal sedimentary rocks, are known as carbonate rocks be-
cause each is made up of minerals that contain the
carbonate radical (CO;). Limestone consists of calcite
(CaCOj), and dolostone is made up of dolomite
[CaMg(CO;),] (see Chapter 3). Recall that calcite rapidly
dissolves in acidic water, but the chemical reaction lead-
ing to dissolution is reversible, so calcite can precipitate
from solution under some circumstances. Thus, some
limestone, though probably not very much, forms by inor-
ganic chemical precipitation. Most limestone is biochemi-
cal because organisms are so important in its origin—the

Sue Monroe

(a) Limestone with fossils

Image not available due to copyright restrictions

rock in coral reefs and limestone composed of seashells,
for instance (M Figure 6.19a).

A type of limestone composed almost entirely of
fragmented seashells is known as coquina (Figure
6.19b), and chalk is a soft variety of limestone made up
largely of microscopic shells (Figure 6.19¢). One distinc-
tive variety of limestone contains small spherical grains
called ooids that have a small nucleus around which con-
centric layers of calcite precipitated (Figure 6.19d).
Lithified deposits of ooids form oolitic limestones.

Dolostone is similar to limestone, but most or all of it
formed secondarily by the alteration of limestone. The
consensus among geologists is that dolostone originates
when magnesium replaces some of the calcium in calcite,
thereby converting calcite to dolomite.

Some of the dissolved substances derived by chemical
weathering precipitate from evaporating water and thus
form chemical sedimentary rocks known as evaporites
(Table 6.2). Rock salt, composed of halite (NaCl), and rock
gypsum (CaSO,-2H,0) are the most common (M Figure
6.20a, b), although several others are known and some are
important resources. Compared with mudrocks, sandstone,
and limestone, evaporites are not very common but neverthe-

less are significant deposits in
areas such as Michigan,
Ohio, New York, the
Gulf Coast region,
and Saskatchewan,

Canada.

(b) Coquina

Image not available due to copyright restrictions

M Figure 6.19

(a) Limestone with numerous fossil shells. (b) Coquina is
composed of broken shells.
Chalk is made up of microscopic shells.
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Sue Monroe

(b) Rock gypsum

Sue Monroe

(a) Rock salt

Chert is a hard rock composed of microscopic crys-
tals of quartz (Table 6.2 and Figure 6.20c). Some of the
color varieties of chert are flint, which is black because
of inclusions of organic matter, and jasper, which is col-
ored red or brown by iron oxides. Because chert is hard
and lacks cleavage, it can be shaped to form sharp cut-
ting edges, so it has been used to manufacture tools,
spear points, and arrowheads. Chert is found as irregu-
lar masses or nodules in other rocks, especially lime-
stone, and as distinct layers of bedded chert made up of
tiny shells of silica-secreting organisms.

Coal consists of compressed, altered remains of land
plants, but it is nevertheless a biochemical sedimentary
rock (Figure 6.20d). It forms in swamps and bogs where
the water is oxygen deficient or where organic matter ac-
cumulates faster than it decomposes. In oxygen-deficient
swamps and bogs, the bacteria that decompose vegeta-
tion can live without oxygen, but their wastes must be
oxidized, and because little or no oxygen is present,
wastes accumulate and kill the bacteria. Bacterial decay
ceases, and the vegetation is not completely decomposed
and forms organic muck. When buried and compressed,
the muck becomes peat, which looks rather like coarse
pipe tobacco. Where peat is abundant, as in Ireland and
Scotland, it is used for fuel.

(d) Bituminous coal

M Figure 6.20

Chemical and biochemical
sedimentary rocks. (a) Core of
rock salt from an oil well in
Michigan. (b) Rock gypsum.

(c) Chert, a dense, hard rock
made up of microscopic crystals
of quartz. (d) Bituminous coal.

(c) Chert

Peat represents the first step in forming coal. If peat
is more deeply buried and compressed, and especially if
it is heated too, it is converted to dull black coal called
lignite. During this change, the easily vaporized or
volatile elements are driven off, enriching the residue in
carbon; lignite has about 70% carbon, whereas only
about 50% is present in peat. Bituminous coal, with
about 80% carbon, is dense, black, and so thoroughly al-
tered that plant remains are rarely seen. It burns more
efficiently than lignite, but the highest-grade coal is an-
thracite, a metamorphic type of coal (see Chapter 7),
with up to 98% carbon.

N

® Log into GeologyNow and select this chapter

to work thrr/ough a Geology Interactive activity on “Rock Labora-
tory” (click Rocks and the Rock Cycle—Rock Laboratory).

SEDIMENTARY FACIES

f a layer of sediment or sedimentary rock is traced
laterally, it generally changes in composition, tex-
ture, or both. It changes by lateral gradation result-
ing from the simultaneous operation of different

Sue Monroe
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(a—c) Three stages of a marine transgression. (d) Diagrammatic view of the vertical sequence of facies resulting from a transgression.
(e-g) Three stages of a marine regression. (h) Vertical sequence of facies resulting from a regression.

processes in adjacent depositional environments. For
example, sand may be deposited in a high-energy
nearshore marine environment whereas mud and car-
bonate sediments accumulate simultaneously in the lat-
erally adjacent low-energy offshore environments
(M Figure 6.21). Deposition in each of these environments
produces sedimentary facies, bodies of sediment each
possessing distinctive physical, chemical, and biological
attributes. Figure 6.21 illustrates three sedimentary facies:
a sand facies, a mud facies, and a carbonate facies. If these
sediments become lithified, they are sandstone, mudstone
(or shale), and limestone facies, respectively.

Many sedimentary rocks in the interiors of conti-
nents show clear evidence of deposition in marine envi-
ronments. The rock layers in Figure 6.21d, for example,
consist of a sandstone facies that was deposited in a

nearshore marine environment overlain by shale and
limestone facies deposited in offshore environments. Ge-
ologists explain this vertical sequence of facies by deposi-
tion occurring during a time when sea level rose with
respect to the continents. As sea level rises, the shoreline
moves inland, giving rise to a marine transgression (Fig-
ure 6.21), and the depositional environments parallel to
the shoreline migrate landward. As a result of a marine
transgression, offshore facies are superimposed over
nearshore facies, thus accounting for the vertical succes-
sion of sedimentary facies. Even though the nearshore
environment is long and narrow at any particular time,
deposition takes place continuously as the environment
migrates landward. The sand deposit may be tens to hun-
dreds of meters thick but have horizontal dimensions of
length and width measured in hundreds of kilometers.
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The opposite of a marine transgression is a marine
regression (Figure 6.21e—h). If sea level falls with re-
spect to a continent, the shoreline and environments that
parallel the shoreline move seaward. The vertical se-
quence produced by a marine regression has facies of the
nearshore environment superposed over facies of off-
shore environments. Marine regressions also account for
the deposition of a facies over a large geographic area.

READING THE STORY IN
SEDIMENTARY ROCKS

e mentioned in the Introduction that sedi-

mentary rocks preserve a record of the

conditions under which they formed.
However, no one was present when ancient sediments
were deposited, so geologists must evaluate those aspects
of sedimentary rocks that allow them to make inferences
about the original depositional environment. And making
such determinations is of more than academic interest.
For instance, barrier island sand deposits make good reser-
voirs for hydrocarbons, so knowing the environment of de-
position and the geometry of these deposits is helpful in
exploration for resources.

Sedimentary textures such as sorting and rounding can
give clues to depositional processes. Windblown dune
sands tend to be well sorted and well rounded, but poor
sorting is typical of glacial deposits. The geometry or three-
dimensional shape is another important aspect of sedimen-
tary rock bodies. Marine transgressions and regressions
yield sediment bodies with a blanket or sheetlike geometry,
but sand deposits in stream channels are long and narrow
and described as having a shoestring geometry. Sedimen-
tary textures and geometry alone are usually insufficient to
determine depositional environment, but when considered
with other sedimentary rock properties, especially sedimen-
tary structures and fossils, they enable geologists to reliably
determine the history of a deposit.

Sedimentary Structures

Physical and biological processes operating in deposi-
tional environments are responsible for a variety of fea-
tures known as sedimentary structures. One of the
most common is distinct layers known as strata or beds
(M Figure 6.22a), with individual layers less than a mil-
limeter up to many meters thick. These strata or beds are
separated from one another by surfaces above and below
in which the rocks differ in composition, texture, color, or
a combination of features. Layering of some kind is pres-
ent in almost all sedimentary rocks, but a few, such as
limestone that formed in coral reefs, lack this feature.
Many sedimentary rocks are characterized by cross-
bedding, in which layers are arranged at an angle to the

Sue Monroe

Sue Monroe

What Would You Do

You live in the continental interior where flat-lying sedi-
mentary rock layers are well exposed. Some local resi-
dents tell you of a location nearby where sandstone and
mudstone with dinosaur fossils are overlain first by a
seashell-bearing sandstone, followed upward by shale
and finally limestone containing the remains of clams,
oysters, and corals. How would you explain the pres-
ence of fossils, especially marine fossils so far from the
sea, and how this vertical sequence of rocks came to be
deposited?

(b)
M Figure 6.22

(a) Bedding or stratification is obvious in these alternating layers of
mudrock (shale in this case) and sandstone. (b) Cross-beds in
ancient sandstone in Montana. The hammer is about 30 cm long.
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surface on which they are deposited (Figure 6.22b).
Cross-beds are found in many depositional environments
such as sand dunes in deserts and along shorelines, as
well as in stream-channel deposits and shallow marine
sediments. Invariably, cross-beds result from transport
and deposition by wind or water currents, and the cross-
beds are inclined downward in the same direction the cur-
rent flowed. So, ancient deposits with cross-beds inclined
down toward the south, for example, indicate that the cur-
rents responsible for them flowed from north to south.
Some individual sedimentary rock layers show an up-
ward decrease in grain size, termed graded bedding,
mostly formed by turbidity current deposition. A turbidity
current is an underwater flow of sediment and water with a
greater density than sediment-free water. Because of its
greater density, a turbidity current flows downslope until it
reaches the relatively flat seafloor, or lakefloor, where it slows
and begins depositing large particles followed by progres-
sively smaller ones (M Figure 6.23). Some graded bedding also
forms in stream channels during the waning stages of floods.
The surfaces that separate layers in sand deposits
commonly have ripple marks, small ridges with inter-
vening troughs, giving them a somewhat corrugated ap-
pearance. Some ripple marks are asymmetrical in cross
section, with a gentle slope on one side and a steep slope
on the other. Currents that flow in one direction as in
stream channels generate these so-called current ripple

Continental shelf —

____________ e
of wave action
/\
Turbidity current / Continental slope
AN “
/
- “ \

Continental rise

(a)

As turbidity
current slows,
__largest particles
* settle followed

<
ANARAR

by smaller
Seafloor particles
— A graded bed
{b)
M Figure 6.23

Graded bedding. (a) Turbidity current flows downslope along the
seafloor (or lake bottom) because it is denser than sediment-free
water. (b) Deposition of a graded bed takes place as the flow slows
and deposits progressively smaller particles.

marks (M Figure 6.24a, b). And because the steep slope of
these ripples is on the downstream side, they are good indi-
cations of ancient current directions. In contrast, wave-
formed ripple marks tend to be symmetrical in cross section
and, as their name implies, are generated by the to-and-fro
motion of waves (Figure 6.24c, d).

When clay-rich sediment dries, it shrinks and devel-
ops intersecting fractures called mud cracks (B Figure
6.25). Mud cracks in ancient sedimentary rocks indicate
that the sediment was deposited in an environment where
periodic drying took place, such as on a river floodplain,
near a lakeshore, or where muddy deposits are exposed
along seacoasts at low tide.

Fossils—Remains and Traces
of Ancient Life

Fossils, the remains or traces of ancient organisms, are
interesting as evidence of prehistoric life (B Figure
6.26), and are also important in determining depositional
environments. Most people are familiar with fossil di-
nosaurs and some other land-dwelling animals but are un-
aware that fossils of invertebrates, animals lacking a
segmented vertebral column, such as corals, clams, oys-
ters, and a variety of microorganisms, are much more use-
ful because they are so common. It is true that the remains
of land-dwelling creatures and plants can be washed into
marine environments, but most are preserved in rocks de-
posited on land or perhaps transitional environments such
as deltas. In contrast, fossils of corals tell us that the rocks
in which they are preserved were deposited in the ocean.

Clams with heavily constructed shells typically live in
shallow turbulent seawater, whereas organisms living in
low-energy environments commonly have thin, fragile
shells. Marine organisms that carry on photosynthesis are
restricted to the zone of sunlight penetration, which is usu-
ally less than 200 m. The amount of sediment is also a lim-
iting factor on the distribution of organisms. Many corals
live in shallow, clear seawater because suspended sediment
clogs their respiratory and food-gathering organs, and some
have photosynthesizing algae living in their tissues.

Microfossils are particularly useful for environmen-
tal studies because hundreds or even thousands can be
recovered from small rock samples. In oil-drilling opera-
tions, small rock chips known as well cuttings are
brought to the surface. These samples may contain nu-
merous microfossils, but rarely have entire fossils of
larger organisms. These fossils are routinely used to de-
termine depositional environments and to match up
rocks of the same relative age (see Chapter 17).

Determining the Environment
of Deposition

Geologists rely on textures, sedimentary structures, and
fossils to interpret how a particular sedimentary rock
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(b) (d)
M Figure 6.24

Ripple marks. (a) Current ripple marks form in response to flow in one direction, as in a stream channel. The enlargement of one ripple shows
its internal structure. Note that individual layers within the ripple are inclined, showing an example of cross-bedding. (b) Current ripples that
formed in a small stream channel; flow was from right to left. (c) The to-and-fro currents of waves in shallow water deform the surface of the
sand layer into wave-formed ripple marks. (d) Wave-formed ripple marks in sand in shallow seawater.

body was deposited. Furthermore, they compare the  But are we justified in using present-day processes and
features seen in ancient rocks with those in deposits  environments to make inferences about what happened
forming today. In short, sedimentary rocks provide a ~ when no human observers were present? Perhaps some
record of many events that took place during the past.  examples will help answer this question.

Images not available due to copyright restrictions
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GEOLOGY
IN UNEXPECTED PLACES

Sandstone Lion

he 9-m-long Lion Monument in
Lucerne, Switzerland, was chiseled
into sandstone in 1821 as a memorial
to the approximately 850 Swiss
soldiers who died during the French Revolution
of 1792 in Paris (M Figure 1a). Lukas Ahorn chis-
eled the monument into the sandstone wall of a
quarry; the inscription above the lion pays honor
to the “loyalty and courage of the Swiss.” An offi-
cer on leave from the army at the time of the bat-
tle in Paris took the first steps to set up the
monument.
Notice that the
sandstone layers are
inclined downward,
or dip, to the left at
about 50 degrees.
We could postulate
that (1) the original
layers were horizon-
tal and simply tilted
50 degrees into this
position, or (2) per-
haps they were ro-
tated 140 degrees
from their original
position so that the
layers are now up-
side down, or over-
turned in geologic
parlance. To resolve
this problem, you (@)
must determine
which of the layers shown was at
the top of the original sequence
of beds and thus the youngest.
In Figure 1b, notice that the
cross-beds have a sharp angular
contact with the younger rocks
above them, whereas they are
nearly parallel with the older
rocks below. Accordingly, we
conclude that the youngest rock
layer is the one toward the upper
left and the rock layers have
not been overturned.

Having determined which layer is oldest and
which is youngest, we now know that any rocks
exposed to the right of the image are older
than the ones shown and, of course, any to the
left are younger. However, it is important to
note that we have determined relative ages
only—that is, which layers are older versus
younger. Nothing in this image tells us the ab-
solute age in number of years before the pres-
ent. We consider relative and absolute ages
more fully in Chapter 17.

Cross-bedding

M Figure 1

(a) Lion Monument in
Lucerne, Switzerland.

(b) Cross-bedding shows
sharp angular contact with
younger rocks above and
nearly parallel contact with
older rocks below. Source:
Sue Monroe
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(b)
M Figure 6.26

Fossils. (a) Bones of a 2.3-m-long, Mesozoic-aged marine reptile in
the museum at the Glacier Garden in Lucerne, Switzerland.
(b) Shells of extinct ocean-dwelling animals known as horn corals.

The Navajo Sandstone of the southwestern United
States is an ancient desert dune deposit that formed
when the prevailing winds blew from the northeast.
What evidence justifies this conclusion? This 300-m-
thick sandstone is made up of well-sorted, well-rounded
sand grains measuring 0.2—0.5 mm in diameter. Further-
more, it has cross-beds up to 30 m high (M Figure 6.27a)
and current ripple marks, both typical of desert dunes.
Some of the sand layers have preserved dinosaur tracks and
tracks of other land-dwelling animals, ruling out the possi-
bility of a marine origin. In short, the Navajo Sandstone
possesses several features that point to a desert dune depo-
sitional environment. Finally, the cross-beds are inclined
downward toward the southwest, indicating that the pre-
vailing winds were from the northeast.

In the Grand Canyon of Arizona several formations
are well exposed; a formation is a widespread unit of rock,
especially sedimentary rock, that is recognizably differ-
ent from the rocks above and below. A vertical sequence
consisting of the Tapeats Sandstone, Bright Angel Shale,
and Muav Limestone is present in the lower part of the
canyon (Figure 6.27b), all of which contain features,

James S. Monroe

Alan Mayo/GeoPhoto

including fossils, clearly indicating that they were de-
posited in transitional and marine environments. As a
matter of fact, all three were forming simultaneously in
different adjacent environments, and during a marine
transgression they were deposited in the vertical se-

Muav Limestone

Bright Angel Shale

Tapeats Sandstone

(b)
M Figure 6.27

Ancient sedimentary rocks and their interpretation. (a) The Jurassic-
aged Navajo Sandstone in Zion National Park, Utah, is a wind-
blown dune deposit. Vertical fractures intersect cross-beds, giving
this cliff its checkerboard appearance—hence, the name
Checkerboard Mesa. (b) View of three formations in the Grand
Canyon in Arizona. These rocks were deposited during a marine
transgression. Compare with the vertical sequence of rocks in
Figure 6.21d.



166 CHAPTER 6

WEATHERING, SOIL, AND SEDIMENTARY ROCKS

quence now seen. They conform closely to the sequence
shown in Figure 6.21d.

IMPORTANT RESOURCES
IN SEDIMENTARY ROCKS

he uses of sediments and sedimentary rocks or

the materials they contain vary considerably.

Sand and gravel are essential to the construc-
tion industry, pure clay deposits are used for ceramics,
and limestone is used in the manufacture of cement
and in blast furnaces where iron ore is refined to make
steel. Evaporites are the source of table salt as well as a
number of chemical compounds, and rock gypsum is
used to manufacture wallboard. Phosphate-bearing
sedimentary rock is used in fertilizers and animal feed
supplements.

Some valuable sedimentary deposits are found in
streams and on beaches where minerals were concen-
trated during transport and deposition. These placer de-
posits, as they are called, are surface accumulations
resulting from the separation and concentration of ma-
terials of greater density from those of lesser density.
Much of the gold recovered during the initial stages of
the California gold rush (1849-1853) was mined from
placer deposits, and placers of a variety of other miner-
als such as diamonds and tin are important.

Historically, most coal mined in the United States
has been bituminous coal from the Appalachian region
that formed in coastal swamps during the Pennsylvanian
Period (286 and 320 million years ago). Huge lignite and
subbituminous coal deposits in the western United
States are becoming increasingly important. During
2002, more than a billion tons of coal were mined in this
country, more than half of it from mines in Wyoming,
West Virginia, and Kentucky.

Anthracite coal (see Chapter 7) is especially de-
sirable because it burns more efficiently than other
types of coal. Unfortunately, it is the least common
variety, so most coal used for heating buildings and
generating electricity is bituminous (Figure 6.20d).
Coke, a hard, gray substance consisting of the fused
ash of bituminous coal, is used in blast furnaces
where steel is produced. Synthetic oil and gas and a
number of other products are also made from bitumi-
nous coal and lignite.

Petroleum and Natural Gas

Petroleum and natural gas are both hydrocarbons, mean-
ing that they are composed of hydrogen and carbon.
The remains of microscopic organisms settle to the
seafloor, or lakefloor in some cases, where little oxygen

is present to decompose them. If buried beneath layers
of sediment, they are heated and transformed into pe-
troleum and natural gas. The rock in which hydrocar-
bons form is known as source rock, but for them to
accumulate in economic quantities, they must migrate
from the source rock into some kind of reservoir rock.
And finally, the reservoir rock must have an overlying
cap rock; otherwise, the hydrocarbons would eventually
reach the surface and escape (M Figure 6.28). Effective
reservoir rocks must have appreciable pore space and good
permeability, the capacity to transmit fluids; otherwise, hy-
drocarbons cannot be extracted from them in reasonable
quantities.

Many hydrocarbon reservoirs consist of nearshore
marine sandstones with nearby fine-grained, organic-
rich source rocks. Such oil and gas traps are called strati-
graphic traps because they owe their existence to
variations in the strata (Figure 6.28a). Ancient coral
reefs are also good stratigraphic traps. Indeed, some of
the oil in the Persian Gulf region and Michigan is
trapped in ancient reefs. Structural traps result when
rocks are deformed by folding, fracturing, or both. In
sedimentary rocks that have been deformed into a series
of folds, hydrocarbons migrate to the high parts of these
structures (Figure 6.28b). Displacement of rocks along
faults (fractures along which movement has occurred)
also yields traps for hydrocarbons (Figure 6.28b).

Other sources of petroleum that will probably be-
come increasingly important in the future include oil
shales and tar sands. The United States has about two-
thirds of all known oil shales, although large deposits are
known in South America, and all continents have some
oil shale. The richest deposits in the United States are in
the Green River Formation of Colorado, Utah, and
Wyoming. When the appropriate extraction processes are
used, liquid oil and combustible gases can be produced
from an organic substance called kerogen of oil shale. Oil
shales in the Green River Formation yield between 10
and 140 gallons of oil per ton of rock processed, and the
total amount of oil recoverable with present processes is
estimated at 80 billion barrels. Currently, no oil is pro-
duced from oil shale in the United States because con-
ventional drilling and pumping are less expensive.

Tar sand is a type of sandstone in which viscous, as-
phaltlike hydrocarbons fill the pore spaces. This sub-
stance is the sticky residue of once-liquid petroleum
from which the volatile constituents have been lost. Lig-
uid petroleum can be recovered from tar sand, but for
this to happen, large quantities of rock must be mined
and processed. Because the United States has few tar
sand deposits, it cannot look to this source as a signifi-
cant future energy resource. The Athabaska tar sands in
Alberta, Canada, however, are one of the largest deposits
of this type. These deposits are currently being mined,
and it is estimated that they contain several hundred bil-
lion barrels of recoverable petroleum.
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Oil and natural gas traps. The arrows indicate the migration of
hydrocarbons. (a) Two examples of stratigraphic traps. (b) Two examples
of structural traps, one formed by folding, the other by faulting.

Uranium

Most of the uranium used in nuclear reactors in North
America comes from the complex potassium-, uranium-,

vanadium-bearing mineral carnotite found in some
sedimentary rocks. Some uranium is also derived
from uraninite (UO,), a uranium oxide in granitic
rocks and hydrothermal veins. Uraninite is easily
oxidized and dissolved in groundwater, transported
elsewhere, and chemically reduced and precipitated
in the presence of organic matter.

The richest uranium ores in the United States
are widespread in the Colorado Plateau area of Col-
orado and adjoining parts of Wyoming, Utah, Ari-
zona, and New Mexico. These ores, consisting of
fairly pure masses and encrustations of carnotite,
are associated with plant remains in sandstones that
formed in ancient stream channels. Although most
of these ores are associated with fragmentary plant
remains, some petrified trees also contain large
quantities of uranium.

Large reserves of low-grade uranium ore also
are found in the Chattanooga Shale. The uranium
is finely disseminated in this black, organic-rich
mudrock that underlies large parts of several states
including Illinois, Indiana, Ohio, Kentucky, and
Tennessee. Canada is the world’s largest producer
and exporter of uranium.

Banded Iron Formation

The chemical sedimentary rock known as banded

iron formation consists of alternating thin layers of

chert and iron minerals, mostly the iron oxides

hematite and magnetite. Banded iron formations

are present on all the continents and account for
most of the iron ore mined in the world today. Vast
banded iron formations are present in the Lake Supe-
rior region of the United States and Canada and in the
Labrador Trough of eastern Canada. We will consider
the origin of banded iron formations in Chapter 19.
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Chapter Summary

Mechanical and chemical weathering disintegrate
and decompose parent material so that it is more
nearly in equilibrium with new physical and chemi-
cal conditions. The products of weathering include
solid particles and substances in solution.

Mechanical weathering includes such processes as
frost action, pressure release, salt crystal growth,
thermal expansion and contraction, and the activi-
ties of organisms. Particles liberated by mechanical
weathering retain the chemical composition of the
parent material.

The chemical weathering processes of solution, oxi-
dation, and hydrolysis bring about chemical
changes of the parent material. Clay minerals and
substances in solution form during chemical weath-
ering.

Mechanical weathering aids chemical weathering
by breaking parent material into smaller pieces,
thereby exposing more surface area.

Mechanical and chemical weathering produce
regolith, some of which is soil if it consists of solids,
air, water, and humus and supports plant growth.

Soils are characterized by horizons that are desig-

nated, in descending order, as O, A, B, and C. Soil
horizons differ from one another in texture, struc-
ture, composition, and color.

Soils called pedalfers develop in humid regions,
whereas arid and semiarid region soils are pedocals.
Laterite is a soil that results from intense chemical
weathering in the tropics. Laterites are deep and
red and are sources of aluminum ores if derived
from aluminum-rich parent material.

Soil erosion, caused mostly by sheet and rill ero-
sion, is a problem in some areas. Human practices
such as construction, agriculture, and deforestation
can accelerate losses of soil to erosion.

Sedimentary particles are designated in order of
decreasing size as gravel, sand, silt, and clay.

Sedimentary particles are rounded and sorted dur-

ing transport, although the degree of rounding and
sorting depends on particle size, transport distance,
and depositional process.

Any area in which sediment is deposited is a deposi-
tional environment. Major depositional settings are
continental, transitional, and marine, each of which
includes several specific depositional environments.

Lithification involves compaction and cementation,
which convert sediment into sedimentary rock. Sil-
ica and calcium carbonate are the most common
chemical cements, but iron oxide and iron hydrox-
ide cements are important in some rocks.

Detrital sedimentary rocks consist of solid particles
derived from preexisting rocks. Chemical sedimen-
tary rocks are derived from substances in solution
by inorganic chemical processes or the biochemical
activities or organisms. Geologists also recognize a
subcategory called biochemical sedimentary rocks.

Sedimentary facies are bodies of sediment or sedi-
mentary rock that are recognizably different from
adjacent sediments or rocks.

Some sedimentary facies are geographically wide-
spread because they were deposited during marine
transgressions or marine regressions.

Sedimentary structures such as bedding, cross-
bedding, and ripple marks commonly form in sedi-
ments when, or shortly after, they are deposited.

Geologists determine the depositional environ-
ments of ancient sedimentary rocks by studying
sedimentary textures and structures, examining fos-
sils, and making comparisons with present-day
depositional processes.
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Intense chemical weathering is responsible for the Many sediments and sedimentary rocks, including
origin of residual concentrations, many of which sand, gravel, evaporites, coal, and banded iron for-
contain valuable minerals such as iron, lead, cop- mations, are important resources. Most oil and nat-
per, and clay. ural gas are found in sedimentary rocks.

Important Terms

bed (p. 161) fossil (p. 162) ripple mark (p. 162)
biochemical sedimentary rock frost action (p. 141) salt crystal growth (p. 142)
(p- 158) graded bedding (p. 162) sediment (p. 153)
carbonate rock (p. 158) hydrolysis (p. 145) sedimentary facies (p. 160)
cementation (p. 155) laterite (p. 148) sedimentary rock (p. 153)
chemical sedimentary rock lithification (p. 154) sedimentary structure (p. 161)
(p- 158) marine regression (p. 161) soil (p. 146)
chemical weathering (p. 142) marine transgression (p. 160) soil degradation (p. 151)
compaction (p. 154) mechanical weathering (p. 141) soil horizon (p. 147)
cross-bedding (p. 161) mud crack (p. 162) solution (p. 143)
depositional environment (p. 154) oxidation (p. 144) spheroidal weathering (p. 146)
detrital sedimentary rock (p. 156) parent material (p. 140) strata (p. 161)
differential weathering (p. 141) pedalfer (p. 148) talus (p. 141)
erosion (p. 140) pedocal (p. 148) thermal expansion and
evaporite (p. 158) pressure release (p. 141) contraction (p. 142)
exfoliation dome (p. 141) regolith (p. 146) weathering (p. 140)

Review Questions

1. A vertical sequence of sedimentary rocks in e. whether or not the rocks contain im-
which nearshore facies overlie offshore facies portant resources.
resulted from 5. Dolostone forms from limestone when
a.____deposition by turbidity currents; a. limestone loses some of its water;
b.____a marine regression; b. evaporite deposition takes place in a
c._____meandering stream deposition; lagoon; c. organic matter accumulates in
d._____compaction and cementation a swamp; d. sand is deposed over a layer
of evaporites; e.____ granitization. of mud; e. some of the calcium in lime-

2. An essential component of soils is partly de- stone is replaced by magnesium.
composed organic matter known as 6. Which one of the following is ot a chemical
a. humus; b. regolith; weathering process?
c.___ talus;d.__ gossan; a. salt crystal growth; b. frost wedg-
e.___carbonic acid. ing; c. oxidation; d. pressure

3. If a small amount of carbonic acid is present release; e. thermal expansion and con-
in groundwater, dissolves rapidly. traction.
a. pedocal; b. exfoliation domes; 7. Horizon C differs from other soil horizons in
c. limestone; d. manganese; that it
e.____laterite. a. is the most fertile;

has weathered the longest;
is made up of sodium sulfate;

b.
c.
a. the intensity of organic activity; d.____ contains the most humus;
e. grades down into parent material.

4. Cross-bedding preserved in sedimentary rocks
is a good indication of

ancient current directions;

b.
c. the amount of silica cement;
d. how old the containing rocks are;
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10.

11.

A deposit of detrital sediment characterized
as poorly sorted has

a. a large amount of calcium carbonate
cement; b. cross-bedding and current
ripple marks; c. particles of markedly

different sizes; d. more ferromagnesian
silicates than nonferromagnesian silicates;

e. iron oxide cement.

Pressure release is the primary process
responsible for

a. spheroidal weathering; b. exfolia-
tion domes; c. residual ores;

d. frost heaving; e. soil degradation.

Spheroidal weathering takes place because

a. corners and edges of stones weather
faster than flat surfaces; b. aluminum
oxides are nearly insoluble; c. oxidation
changes limestone to dolostone; d. natu-
rally occurring rocks are spherical to begin
with; e. thermal expansion and contrac-
tion are so effective.

Lithification involves cementation and

a. replacement; b. compaction;
c. inversion; d.

e. stoping.

granitization;

12.

13.

14.

15.

16.

17.

Traps for petroleum and natural gas formed
by the folding and fracturing of rocks are

known as traps.

a. lithologic; b. compaction;

c. stratigraphic; d. compositional;
e. structural.

In one of our national parks you observe a
vertical sequence of rocks with sandstone at
the base followed upward by shale and lime-
stone, each of which contains fossil clams
and corals. Give an account of the history of
these rocks. That is, how were they
deposited, and how did they come to be su-
perposed in the sequence observed?

How does mechanical weathering differ from
and contribute to chemical weathering?
Draw soil profiles for semiarid and humid re-
gions, and list the characteristics of each.

In what fundamental way(s) do detrital sedi-
mentary rocks differ from chemical sedimen-
tary rocks?

Explain how exfoliation domes form. In what
kinds of rocks do they devleop, and where
would you go to see examples?
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18. Describe the processes leading to the lithifi-
cation of deposits of sand and mud.

19. Illustrate and describe two sedimentary struc-
tures that can be used to determine ancient
current directions.

20. How do the factors of climate, parent mater-
ial, and time determine the depth and fertility
of soil?

21. How does coal form, and what varieties of
coal do geologists recognize? Which of these
varieties makes the best fuel?

World Wide Web Activities

S Assess your understanding of this

chapter’s topics with additional quizzing and compre-
hensive interactivities at

http:/learthscience.brookscole.com/changingearth4e

22. Describe the types of soil degradation. What
practices are used to prevent or at least mini-
mize soil erosion?

23. Explain what structural and stratigraphic
traps are and how they differ from each other.

24. Explain how particle size, climate, and par-
ent material control the rate of chemical
weathering.

as well as current and up-to-date weblinks, additional
readings, and InfoTrac College Edition exercises.
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Introduction
GEO-FOCUS 7.1: Asbestos: Good or Bad?
What Are the Agents of Metamorphism?

What Are the Three Types
of Metamorphism?

How Are Metamorphic Rocks Classified?

GEOLOGY IN UNEXPECTED PLACES:
Starting Off with a Clean Slate

What Are Metamorphic Zones and Facies?

How Does Plate Tectonics Affect
Metamorphism?

Metamorphism and Natural Resources

Geo-Recap

Geology=Now  This icon, which appears throughout the book, in-
dicates an ogportunity to explore interactive tutorials, animations, or
practice problems available on the GeologyNow website at
http://earthscience.brookscole.com/changingearth4e.

This Greek kouros, which stands 206 cm tall, has been the object of an
intensive authentication study by the Getty Museum. Using a variety of
geologic tests, scientists have determined that the kouros was carved
from dolomitic marble that probably came from the Cape Vathy quarries
on the island of Thasos. Source: Garry Hobart/Geolmagery

OBJECTIVES

At the end of this chapter,
you will have learned that:

Metamorphic rocks result from the
transformation of other rocks by var-
ious processes occurring beneath
Earth’s surface.

Heat, pressure, and fluid activity are
the three agents of metamorphism.

Contact, dynamic, and regional
metamorphism are the three types of
metamorphism.

Metamorphic rocks are typically
divided into two groups, foliated and
nonfoliated, primarily on the basis
of texture.

Metamorphic rocks with a foliated
texture include slate, phyllite, schist,
gneiss, and amphibolite.

Metamorphic rocks with a nonfoli-
ated texture include marble,
quartzite, greenstone, and hornfels.

Metamorphic rocks can be grouped
into metamorphic zones based on
the presence of index minerals that
form under specific temperature and
pressure conditions.

The successive appearance of partic-
ular metamorphic minerals indicates
increasing or decreasing metamor-
phic intensity.

Metamorphism is associated with all
three types of plate boundaries but
is most widespread along convergent
plate boundaries.

Many metamorphic minerals and
rocks are valuable metallic ores,
building materials, and gemstones.
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ts homogeneity, softness, and varying textures have

made marble, a metamorphic rock formed from

limestone or dolostone, a favorite rock of sculptors

throughout history. As the value of authentic marble
sculptures has increased over the years, the number of forg-
eries has also increased. With the price of some marble sculp-
tures in the millions of dollars, private collectors and
museums need some means of ensuring the authenticity of
the work they are buying. Aside from the monetary consid-
erations, it is important that forgeries not become part of the
historical and artistic legacy of human endeavor.

Experts have traditionally relied on artistic style and
weathering characteristics to determine whether a marble
sculpture is authentic or a forgery. Because marble is not very
resistant to weathering, however, forgers have been able to
produce the weathered appearance of an authentic work.
Using newly developed techniques, geologists can now dis-
tinguish a naturally weathered marble surface from one that
has been artificially altered. Yet, there are examples in which
expert opinion is still divided on whether a sculpture is au-
thentic.

One of the best examples is the Greek kouros (a sculp-
tured figure of a Greek youth) the J. Paul Getty Museum in
Malibu, California, purchased for a reputed price of $7 mil-
lion in 1984 (see the chapter opening photo). Because cer-
tain stylistic features caused some experts to question its
authenticity, the museum had a variety of geochemical and
mineralogical tests performed in an effort to authenticate the
kouros.

Although numerous scientific tests have not unequivo-
cally proved authenticity, they have shown that the weath-
ered surface layer of the kouros bears more similarities to
naturally occurring weathered surfaces of dolomitic marble
than to known artificially produced surfaces. Furthermore,
no evidence indicates that the surface alteration of the
kouros is of modern origin.

Unfortunately, despite intensive study by scientists, ar-
chaeologists, and art historians, opinion is still divided as to
the authenticity of the Getty kouros. Most scientists accept
that the kouros was carved sometime around 530 B.c. Point-
ing to inconsistencies in its style of sculpture for that period,
other art historians think that it is a modern forgery.

Regardless of whether the Getty kouros is proven to be
authentic or a forgery, geologic testing to authenticate mar-
ble sculptures is now an important part of many museums’

What Would You Do

As the director of a major museum, you have the op-
portunity to purchase, for a considerable sum of money,
a newly discovered marble bust by a famous ancient
sculptor. You want to be sure it is not a forgery. What
would you do to ensure that the bust is authentic and
not a clever forgery? After all, you are spending a large
sum of the museum’s money. As a nonscientist, how
would you go about making sure the proper tests are
performed to ensure the bust’s authenticity?

curatorial functions. To help geologists authenticate marble
sculptures, a large body of data about the characteristics and
origin of marble is being amassed as more sculptures and
marble quarries are analyzed.

Metamorphic rocks (from the Greek meta, “change,”
and morpho, “shape”) are the third major group of rocks.
They result from the transformation of other rocks by meta-
morphic processes that usually occur beneath Earth’s surface
(see Figure 1.12). During metamorphism, rocks are subjected
to sufficient heat, pressure, and fluid activity to change their
mineral composition, texture, or both, thus forming new
rocks. These transformations take place below the melting
temperature of the rock; otherwise, an igneous rock would
result.

A useful analogy for metamorphism is baking a cake.
Just like a metamorphic rock, the cake depends on the in-
gredients, their proportions, how they are mixed together,
how much water or milk is added, and the temperature and
length of time used for baking the cake.

Except for marble and slate, most people are not famil-
iar with metamorphic rocks. Students frequently ask us why
it is important to study metamorphic rocks and processes.
Our answer is: look around you.

A large portion of Earth’s continental crust is composed of
metamorphic and igneous rocks. Together they form the crys-
talline basement rocks underlying the sedimentary rocks of a
continent’s surface. These basement rocks are widely exposed
in regions of the continents known as shields, which have been
very stable during the past 600 million years (B Figure 7.1).
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Metamorphic rocks also make up a sizable portion of the crys-
talline core of large mountain ranges. Some of the oldest known
rocks, dated at 3.96 billion years from the Canadian Shield, are
metamorphic, so they formed from even older rocks!

Metamorphic rocks such as marble and slate are used
as building materials, and certain metamorphic minerals are
economically important. Garnets, for example, are used as
gemstones or abrasives; talc is used in cosmetics, in manu-
facturing paint, and as a lubricant; and kyanite is used to pro-
duce heat-resistant materials in sparkplugs. Therefore,
knowledge of metamorphic rocks and processes is of eco-
nomic value.

Asbestos, a metamorphic mineral, is used for insula-
tion and fireproofing and is widespread in buildings and
building materials. Asbestos has different forms, however,
and they do not all pose the same health hazards. Recog-
nizing this fact would have been useful during the debates
over the dangers asbestos posed to the public’s health (see
Geo-Focus 7.1).

What Would You Do

The problem of removing asbestos from public build-
ings is an important national health and political issue.
The current policy of the Environmental Protection
Agency (EPA) mandates that all forms of asbestos are
treated as identical hazards. Yet studies indicate only
one form of asbestos is a known health hazard. Because
the cost of asbestos removal has been estimated to be
as high as $100 billion, many people are questioning
whether it is cost effective to remove asbestos from all
public buildings where it has been installed.

As a leading researcher on the health hazards of as-
bestos, you have been asked to testify before a con-
gressional committee on whether it is worthwhile to
spend so much money for asbestos removal. How
would you address this issue to formulate a policy that
balances the risks and benefits of removing asbestos
from public buildings? What role would geologists play
in formulating this policy?

Greenland
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Baltic
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|:| Younger rocks
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Metamorphic rock occurrences. Shields are the exposed portions of the crystalline basement rocks underlying each continent; these areas
have been very stable during the past 600 million years. Metamorphic rocks also constitute the crystalline core of major mountain belts.
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Asbestos: Good or Bad?

sbestos (from the Latin,

“unquenchable”) is a

general term applied to

any silicate mineral that
easily separates into flexible fibers.
The combination of such features as
noncombustibility and flexibility
makes asbestos an important indus-
trial material of considerable value.
In fact, asbestos has more than
3000 known uses, including brake
linings, fireproof fabrics, and heat
insulators.

Asbestos is divided into two
broad groups: serpentine and am-
phibole. Chrysotile is the fibrous
form of serpentine asbestos (Ml Fig-
ure 1); it is the most valuable type
and constitutes the bulk of all com-
mercial asbestos. Its strong, silky
fibers are easily spun and can with-
stand temperatures of up to 2750°C.

The vast majority of chrysotile
asbestos is in serpentine, a type of
rock formed by the alteration of
ultramafic igneous rocks such as
peridotite under low- and medium-
grade metamorphic conditions.

Other chrysotile results when the
metamorphism of magnesium lime-
stone or dolostone produces dis-
continuous serpentine bands within
the carbonate beds.

Among the varieties of amphi-
bole asbestos, crocidolite is the
most common. Also known as blue
asbestos, crocidolite is a long,
coarse, spinning fiber that is
stronger but more brittle than
chrysotile and also less resistant to
heat. Crocidolite is found in such
metamorphic rocks as slates and
schists and is thought to form by
the solid-state alteration of other
minerals as a result of deep burial.

Despite the widespread use of
asbestos, the U.S. Environmental
Protection Agency (EPA) instituted a
gradual ban on all new asbestos
products. The ban was imposed
because some forms of asbestos
can cause lung cancer and scarring
of the lungs if fibers are inhaled.
Because the EPA apparently paid
little attention to the issue of risks
versus benefits when it enacted this

rule, the U.S. Fifth Circuit
Court of Appeals overturned
the EPA ban on asbestos in
1991.

The threat of lung cancer
has also resulted in legisla-
tion mandating the removal
of asbestos already in place
in all public buildings, includ-
ing all public and private
schools. However, important
questions have been raised
concerning the threat posed
by asbestos and the addi-
tional potential hazards that

M Figure 1

may arise from its improper
removal.

Current EPA policy mandates
that all forms of asbestos are to be
treated as identical hazards. Yet
studies indicate that only the amphi-
bole forms constitute a known
health hazard. Chrysotile, whose
fibers tend to be curly, does not be-
come lodged in the lungs. Further-
more, its fibers are generally soluble
and disappear in tissue. In contrast,
crocidolite has long, straight, thin
fibers that penetrate the lungs and
stay there. These fibers irritate the
lung tissue and over a long period
of time can lead to lung cancer.
Thus crocidolite, and not chrysotile,
is overwhelmingly responsible for
asbestos-related lung cancer. Be-
cause about 95% of the asbestos in
place in the United States is
chrysotile, many people question
whether the dangers from asbestos
are exaggerated.

Removing asbestos from build-
ings where it has been installed
could cost as much as $100 billion.
Unless the material containing the
asbestos is disturbed, asbestos
does not shed fibers and thus does
not contribute to airborne asbestos
that can be inhaled. Furthermore,
improper removal of asbestos can
lead to contamination. In most
cases of improper removal, the con-
centration of airborne asbestos
fibers is far higher than if the
asbestos had been left in place.

The problem of asbestos contami-
nation is a good example of how ge-
ology affects our lives and why a basic
knowledge of science is important.

Specimen of chrysotile. Chrysotile is the fibrous form of serpentine asbestos and
the most commonly used in buildings and other structures.




WHAT ARE THE AGENTS
OF METAMORPHISM?

he three agents of metamorphism are heat, pres-

sure, and fluid activity. During metamorphism,

the original rock undergoes change to achieve
equilibrium with its new environment. The changes may
result in the formation of new minerals and/or a change
in the texture of the rock brought about by the reorienta-
tion of the original minerals. In some instances, the
change is minor, and features of the original rock can still
be recognized. In other cases, the rock changes so much
that the identity of the original rock can be determined
only with great difficulty, if at all.

Besides heat, pressure, and fluid activity, time is also
important to the metamorphic process. Chemical reac-
tions proceed at different rates and thus require different
amounts of time to complete. Reactions involving silicate
compounds are particularly slow, and because most
metamorphic rocks are composed of silicate minerals, it
is thought that metamorphism is a slow geologic process.

Heat

Heat is an important agent of metamorphism because
it increases the rate of chemical reactions that may pro-
duce minerals different from those in the original rock.
Heat may come from extrusive lavas or from intrusive
magmas or deep burial in the crust such as occurs dur-
ing subduction along a convergent plate boundary.

When rocks are intruded by bodies of magma, they
are subjected to intense heat that affects the surrounding
rock; the most intense heating usually occurs adjacent to
the magma body and gradually decreases with distance
from the intrusion. The zone of metamorphosed rocks
that forms in the country rock adjacent to an intrusive ig-
neous body is usually distinct and easy to recognize.

Recall that temperature increases with depth and
that Earth’s geothermal gradient averages about 25°C/km.
Rocks that form at the surface may be transported to great
depths by subduction along a convergent plate boundary
and thus subjected to increasing temperature and pres-
sure. During subduction, some minerals may be trans-
formed into other minerals that are more stable under the
higher temperature and pressure conditions.

Pressure

When rocks are buried, they are subjected to increas-
ingly greater lithostatic pressure; this pressure, which
results from the weight of the overlying rocks, is applied
equally in all directions (B Figure 7.2a). A similar situa-
tion occurs when an object is immersed in water. For
example, the deeper a Styrofoam cup is submerged in
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(a) Lithostatic pressure is applied equally in all directions in Earth's
crust due to the weight of overlying rocks. Thus pressure increases
with depth, as indicated by the sloping black line. (b) A similar
situation occurs when 200-ml Styrofoam cups are lowered to ocean
depths of approximately 750 m and 1500 m. Increased water
pressure is exerted equally in all directions on the cups, and they
consequently decrease in volume while still maintaining their
general shape. Source: (a): From C. Gillen, Metamorphic Geology, Figure
4.4, p.73. Copyright © 1982 Kluwer Academic Publishers. Reprinted by
permission of the author.

the ocean, the smaller it gets because pressure increases
with depth and is exerted on the cup equally in all di-
rections, thereby compressing the Styrofoam (Figure
7.2b).

Just as in the Styrofoam cup example, rocks are sub-
jected to increasing lithostatic pressure with depth such
that the mineral grains within a rock may become more
closely packed. Under these conditions, the minerals
may recrystallize; that is, they become smaller and
denser minerals.

Courtesy of David J. and Jane M. Matty
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Along with lithostatic pressure resulting from bur-
ial, rocks may also experience differential pressures
(m Figure 7.3). In this case, the pressures are not equal
on all sides, and the rock is consequently distorted. Dif-
ferential pressures typically occur during deformation
associated with mountain building and can produce dis-
tinctive metamorphic textures and features.

Fluid Activity

In almost every region of metamorphism, water and
carbon dioxide (CO,) are present in varying amounts
along mineral grain boundaries or in the pore spaces of
rocks. These fluids, which may contain ions in solution,
enhance metamorphism by increasing the rate of
chemical reactions. Under dry conditions, most miner-
als react very slowly, but when even small amounts of
fluid are introduced, reaction rates increase, mainly be-
cause ions can move readily through the fluid and thus
enhance chemical reactions and the formation of new
minerals.

The following reaction provides a good example of
how new minerals can be formed by fluid activity. Sea-
water moving through hot basaltic rock of the oceanic

crust transforms olivine into the metamorphic mineral
serpentine:

2Mg,SiO, + 2H,0 — Mg,Si,05(OH), + MgO
olivine serpentine carried
away in
solution

water

The chemically active fluids important in the meta-
morphic process come primarily from three sources. The
first is water trapped in the pore spaces of sedimentary
rocks as they form. The second is the volatile fluid
within magma. The third source is the dehydration of
water-bearing minerals such as gypsum (CaSO,-2H,0)
and some clays.

WHAT ARE THE
THREE TYPES OF
METAMORPHISM?

eologists recognize three major types of

metamorphism: contact metamorphism, in

which magmatic heat and fluids act to pro-
duce change; dynamic metamorphism, which is princi-
pally the result of high differential pressures associated
with intense deformation; and regional metamorphism,
which occurs within a large area and is caused primar-
ily by mountain-building forces. Even though we will
discuss each type of metamorphism separately, the
boundary between them is not always distinct and de-
pends largely on which of the three metamorphic agents
was dominant.

Contact Metamorphism

Contact metamorphism takes place when a body of
magma alters the surrounding country rock. At shallow
depths, intruding magma raises the temperature of the sur-
rounding rock, causing thermal alteration. Furthermore,
the release of hot fluids into the country rock by the cool-
ing intrusion can aid in the formation of new minerals.

Important factors in contact metamorphism are the
initial temperature and size of the intrusion as well as
the fluid content of the magma and/or country rock. The
initial temperature of an intrusion is controlled, in part,
by its composition: mafic magmas are hotter than felsic
magmas and hence have a greater thermal effect on the
rocks surrounding them. The size of the intrusion is also
important. In the case of small intrusions, such as dikes
and sills, usually only those rocks in immediate contact
with the intrusion are affected. Because large intrusions,
such as batholiths, take a long time to cool, the in-
creased temperature in the surrounding rock may last
long enough for a larger area to be affected.
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Temperatures can reach nearly 900°C adjacent to an
intrusion, but they gradually decrease with distance. The
effects of such heat and the resulting chemical reactions
usually occur in concentric zones known as aureoles
(M Figure 7.4). The boundary between an intrusion and
its aureole may be either sharp or transitional.

Metamorphic aureoles vary in width depending on
the size, temperature, and composition of the intrusion
as well as the mineralogy of the surrounding country
rock. Typically, large intrusive bodies have several meta-
morphic zones, each characterized by distinctive min-
eral assemblages indicating the decrease in temperature
with distance from the intrusion (Figure 7.4). The zone
closest to the intrusion, and hence subject to the high-
est temperatures, may contain high-temperature meta-
morphic minerals (that is, minerals in equilibrium with
the higher temperature environment) such as silliman-
ite. The outer zones may be characterized by lower tem-
perature metamorphic minerals such as chlorite, talc,
and epidote.

Contact metamorphism can result not only from ig-
neous intrusions, but also from lava flows (B Figure
7.5). Lava flowing over land may thermally alter the un-
derlying rocks. Whereas recognizing a recent lava flow
and the resulting contact metamorphism of the rocks
below it is easy, less obvious is whether an igneous body
is intrusive or extrusive in a rock outcrop where sedi-
mentary rocks occur above and below the igneous body.
Recognizing which sedimentary rock units have been
metamorphosed enables geologists to determine
whether the igneous body is intrusive (such as a sill or
dike) or extrusive (lava flow). Such a determination is
critical in reconstructing the geologic history of an area
(see Chapter 17) and may have important economic im-
plications as well.

Fluids also play an important role in contact meta-
morphism. Many magmas are wet and contain hot,
chemically active fluids that may emanate into the sur-
rounding rock. These fluids can react with the rock and
aid in the formation of new minerals. In addition, the

Intermediate zone
with some biotite

M Figure 7.4

A metamorphic aureole typically surrounds
many igneous intrusions. The metamorphic
aureole associated with this idealized
granite batholith contains three zones of
mineral assemblages reflecting the
decreases in temperature with distance
from the intrusion. An andalusite—cordierite
hornfels forms adjacent to the batholith.
This is followed by an intermediate zone of
extensive recrystallization in which some
biotite develops, and farthest from the
intrusion is the outer zone, which is
characterized by spotted slates.

Unaltered
country rock

country rock may contain pore fluids that, when heated
by magma, also increase reaction rates.

The formation of new minerals by contact metamor-
phism depends not only on proximity to the intrusion
but also on the composition of the country rock. Shales,
mudstones, impure limestones, and impure dolostones
are particularly susceptible to the formation of new min-
erals by contact metamorphism, whereas pure sand-
stones or pure limestones typically are not.

Because heat and fluids are the primary agents of
contact metamorphism, two types of contact metamor-
phic rocks are generally recognized: those resulting from
baking of country rock and those altered by hot solu-
tions. Many of the rocks that result from contact meta-
morphism have the texture of porcelain; that is, they are
hard and fine grained. This is particularly true for rocks
with a high clay content, such as shale. Such texture re-
sults because the clay minerals in the rock are baked,
just as a clay pot is baked when fired in a kiln.

During the final stages of cooling when an intrud-
ing magma begins to crystallize, large amounts of hot,
watery solutions are often released. These solutions
may react with the country rock and produce new
metamorphic minerals. This process, which usually oc-
curs near Earth’s surface, is called hydrothermal alter-
ation (from the Greek hydro, “water,” and therme,
“heat”) and may result in valuable mineral deposits.
Geologists think that many of the world’s ore deposits
result from the migration of metallic ions in hydrother-
mal solutions. Examples are copper, gold, iron ores, tin,
and zinc in various localities including Australia,
Canada, China, Cyprus, Finland, Russia, and the west-
ern United States.

Dynamic Metamorphism

Most dynamic metamorphism is associated with fault
(fractures along which movement has occurred) zones
where rocks are subjected to high differential pressures.
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Lava flow
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M Figure 7.5
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A highly weathered basaltic lava flow near Susanville, California, has altered an underlying rhyolitic volcanic ash by contact metamorphism.
The red zone below the lava flow has been baked by the heat of the lava when it flowed over the ash layer. The lava flow displays spheroidal
weathering, a type of weathering common in fractured rocks (see Chapter 6).

The metamorphic rocks that result from pure dynamic
metamorphism are called mylonites and are typically re-
stricted to narrow zones adjacent to faults. Mylonites
are hard, dense, fine-grained rocks, many characterized
by thin laminations (M Figure 7.6). Tectonic settings
where mylonites occur include the Moine Thrust Zone

Image not available due to copyright restrictions

in northwest Scotland and portions of the San Andreas
fault in California (see Chapter 2).

Regional Metamorphism

Most metamorphic rocks result from regional meta-
morphism, which occurs over a large area and is usu-
ally caused by tremendous temperatures, pressures, and
deformation within the deeper portions of the crust. Re-
gional metamorphism is most obvious along convergent
plate boundaries where rocks are intensely deformed
and recrystallized during convergence and subduction.
Within these metamorphic rocks, there is usually a gra-
dation of metamorphic intensity from areas that were
subjected to the most intense pressures and/or highest
temperatures to areas of lower pressures and tempera-
tures. Such a gradation in metamorphism can be recog-
nized by the metamorphic minerals that are present.

Regional metamorphism is not confined to only con-
vergent margins. It also occurs in areas where plates di-
verge, although usually at much shallower depths
because of the high geothermal gradient associated with
these areas.

From field studies and laboratory experiments, cer-
tain minerals are known to form only within specific
temperature and pressure ranges. Such minerals are
known as index minerals because their presence allows
geologists to recognize low-, intermediate-, and high-
grade metamorphic zones (M Figure 7.7).
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When a clay-rich rock such as shale is metamor-
phosed, new minerals form as a result of metamorphic
processes. The mineral chlorite, for example, is pro-
duced under relatively low temperatures of about 200°C,
so its presence indicates low-grade metamorphism. As
temperatures and pressures continue to increase, new
minerals form that are stable under those conditions.
Thus, there is a progression in the appearance of new
minerals from chlorite, whose presence indicates low-
grade metamorphism, to sillimanite, whose presence in-
dicates high-grade metamorphism and temperatures
exceeding 500°C.

Different rock compositions develop different index
minerals. When sandy dolomites are metamorphosed,
for example, they produce an entirely different set of
index minerals. Thus, a specific set of index minerals
commonly forms in specific rock types as metamorphism
progresses.

Although such common minerals as mica, quartz,
and feldspar can occur in both igneous and metamor-
phic rocks, other minerals such as andalusite, silliman-
ite, and kyanite generally occur only in metamorphic
rocks derived from clay-rich sediments. Although these
three minerals all have the same chemical formula
(AL,SiOg), they differ in crystal structure and other
physical properties because each forms under a differ-
ent range of pressures and temperatures. Thus, they are
sometimes used as index minerals for metamorphic
rocks formed from clay-rich sediments.

)

N Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “The Rock
Cycle” (click Rocks and the Rock Cycle—Rock Cycle).

metamorphic zones.

HOW ARE
METAMORPHIC
ROCKS CLASSIFIED?

or purposes of classification, metamorphic
rocks are commonly divided into two groups:
those exhibiting a foliated texture (from the
Latin folium, “leaf”) and those with a nonfoliated tex-

ture (Table 7.1).

Foliated Metamorphic Rocks

Rocks subjected to heat and differential pressure during
metamorphism typically have minerals arranged in a par-
allel fashion, giving them a foliated texture (M Figure
7.8). The size and shape of the mineral grains determine
whether the foliation is fine or coarse. If the foliation is
such that the individual grains cannot be recognized
without magnification, the rock is slate (B Figure 7.9a).
A coarse foliation results when granular minerals such
as quartz and feldspar are segregated into roughly paral-
lel and streaky zones that differ in composition and
color, as in gneiss. Foliated metamorphic rocks can be
arranged in order of increasingly coarse grain size and
perfection of foliation.

Slate is a very fine-grained metamorphic rock that
commonly exhibits slaty cleavage (Figure 7.9b). Slate is
the result of low-grade regional metamorphism of shale
or, more rarely, volcanic ash. Because it can easily be
split along cleavage planes into flat pieces, slate is an ex-
cellent rock for roofing and floor tiles, billiard and pool
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Table 7.1

Classification of Common Metamorphic Rocks

Metamorphic Metamorphic
Texture Rock Typical Minerals Grade
Foliated Slate Clays, micas, chlorite  Low
Phyllite Fine-grained quartz,  Low to medium
micas, chlorite
Schist Micas, chlorite, quartz, Low to high
talc, hornblende,
garnet, staurolite,
graphite
Gneiss Quartz, feldspars, High
hornblende, micas
Amphibolite ~ Hornblende, Medium to high
plagioclase
Migmatite Quartz, feldspars, High
hornblende, micas
Nonfoliated Marble Calcite, dolomite Low to high
Quartzite Quartz Medium to high
Greenstone Chlorite, epidote, Low to high
hornblende
Hornfels Micas, garnets, Low to medium
andalusite, cordierite,
quartz
Anthracite Carbon High
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of elongated minerals
before pressure is
applied to two sides

Elongated minerals
arranged in a parallel
fashion as a result of
pressure applied to two
sides

(a)

M Figure 7.8

Reed Wicander

(a) When rocks are subjected to differential pressure, the mineral
grains are typically arranged in a parallel fashion, producing a
foliated texture. (b) Photomicrograph of a metamorphic rock with a
foliated texture showing the parallel arrangement of mineral grains.

Characteristics
of Rocks

Fine-grained, splits
easily into flat pieces
Fine-grained, glossy
or lustrous sheen
Distinct foliation,
minerals visible

Segregated light and
dark bands visible

Dark, weakly foliated

Streaks or lenses of
granite intermixed
with gneiss

Interlocking grains of
calcite or dolomite,
reacts with HCI

Interlocking quartz
grains, hard, dense

Fine-grained, green

Fine-grained,
equidimensional
grains, hard, dense

Black, lustrous,
subconcoidal fracture

Parent Rock

Mudrocks, volcanic ash
Mudrocks

Mudrocks, carbonates,
mafic igneous rocks

Mudrocks, sandstones,
felsic igneous rocks
Mafic igneous rocks
Felsic igneous rocks

mixed with sedimentary
rocks

Limestone or dolostone

Quartz sandstone
Mafic igneous rocks

Mudrocks

Coal
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table tops, and blackboards (Figure 7.9¢). The different
colors of most slates are caused by minute amounts of
graphite (black), iron oxide (red and purple), and chlo-
rite (green).

Phyllite is similar in composition to slate but coarser
grained. The minerals, however, are still too small to be
identified without magnification. Phyllite can be distin-
guished from slate by its glossy or lustrous sheen (B Fig-
ure 7.10). It represents an intermediate grain size
between slate and schist.

Schist is most commonly produced by regional meta-
morphism. The type of schist formed depends on the in-
tensity of metamorphism and the character of the original
rock (M Figure 7.11). Metamorphism of many rock types
can yield schist, but most schist appears to have formed
from clay-rich sedimentary rocks (Table 7.1).

Reed Wicander

Image not available due to copyright restrictions

M Figure 7.10

Specimen of phyllite. Note the lustrous sheen as well as the
bedding (upper left to lower right) at an angle to the cleavage of
the specimen.

Brian A. Roberts
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Sue Monroe

M Figure 7.9

) (b)
(a) Hand specimen of slate.
M Fi 7.11
(c) Slate roof of Chalet fgure
Enzian, Switzerland. Schist. (a) Garnet—-mica schist. (b) Hornblende-mica—garnet schist.
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GEOLOGY
IN UNEXPECTED PLACES

Starting Off with a Clean Slate

late is a common metamorphic rock
that has many uses. Two familiar uses
are in the playing surface of billiard ta-
bles and roofing shingles.

Although slate is abundant throughout the
world, most of it is unsuitable for billiard tables.
For billiard tables, the slate must have a very
fine grain so it can be honed to a smooth sur-
face, somewhat elastic so it will expand and
contract with the table’s wood frame, and es-
sentially nonabsorbent. Presently Brazil, China,
India, and Italy are the major exporters of bil-
liard table—quality slate, with the best coming
from the Liguarian region of northern lItaly.
Most quality tables use at least 1-inch-thick
slate that is split into three pieces. Although
using three slabs requires extra work to ensure
a tight fit and smooth surface, a table with
three pieces is preferred over a single piece
because it is less likely to fracture. Further-
more, the slate is usually slightly larger than the
playing surface so that it extends below the
rails of the table, thus giving additional
strength to the rails and stability to the table. In
addition, a quality table will have a wood back-
ing glued to the underside of the slate so the
felt cloth that is stretched tightly over the
slate’s surface can be stapled to the wood to
provide a smooth playing surface.

Slate has been used as a roofing material
for centuries. When properly installed and
maintained, slate normally lasts for 60 to 125
years; many slate roofs have been around for
more than 200 years. In the United States, slate

roofing tiles typically come in shades of gray,
green, purple, black, and red (M Figure 1).
There are 36 common sizes of tiles, ranging
from 12 to 24 inches long with the width about
half the length. The typical slate tile is usually
1/4 inch thick. Thicker tiles may be used, but
they are harder to work with and greatly
increase the weight of the roof.

The years between 1897 and 1914 witnessed
the height of the U.S. roofing slate industry in
both quantity and value of output. By the end
of the 19th century, more than 200 slate quar-
ries were operating in 13 states. With the intro-
duction of asphalt shingles, which can be mass
produced, easily transported, and installed at a
much lower cost than slate shingles, the slate
shingle industry in the United States began to
decline around 1915. The renewed popularity
of historic preservation and the recognition of
slate’s durability, however, have brought a
resurgence in the slate roofing industry. It's not
that unusual these days for geology to be over-
head as well as underfoot.

M Figure 1

Different colored slates make up the roof of this
elementary school in Mount Pleasant, Michigan.
Source: Reed Wicander

All schists contain more than 50% platy and elon-
gated minerals, all of which are large enough to be
clearly visible. Their mineral composition imparts a
schistosity or schistose foliation to the rock that usually
produces a wavy type of parting when split. Schistosity
is common in low- to high-grade metamorphic environ-

ments, and each type of schist is known by its most
conspicuous mineral or minerals, such as mica schist,
chlorite schist, and talc schist.

Gneiss is a metamorphic rock that is streaked or has
segregated bands of light and dark minerals. Gneisses are
composed mostly of granular minerals such as quartz
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M Figure 7.12

Gneiss is characterized by segregated bands of light and dark
minerals. This folded gneiss is exposed at Wawa, Ontario, Canada.

and/or feldspar, with lesser percentages of platy or elon-
gated minerals such as micas or amphiboles (B Figure
7.12). Quartz and feldspar are the principal light-colored
minerals, whereas biotite and hornblende are the typical

dark minerals. Gneiss typically breaks in an irregular
manner, much like coarsely crystalline nonfoliated rocks.
Most gneiss probably results from recrystallization
of clay-rich sedimentary rocks during regional metamor-
phism (Table 7.1). Gneiss also can form from igneous
rocks such as granite or older metamorphic rocks.
Another fairly common foliated metamorphic rock is
amphibolite. A dark rock, it is composed mainly of horn-
blende and plagioclase. The alignment of the hornblende
crystals produces a slightly foliated texture. Many amphibo-
lites result from medium- to high-grade metamorphism of
such ferromagnesian silicate-rich igneous rocks as basalt.
Some areas of regional metamorphism have exposures
of “mixed rocks” with both igneous and high-grade meta-
morphic characteristics. In these rocks, called migmatites,
streaks or lenses of granite are usually intermixed with
high-grade ferromagnesian-rich metamorphic rocks, im-
parting a wavy appearance to the rock (M Figure 7.13).
Most migmatites are thought to be the product of
extremely high-grade metamorphism, and several mod-
els for their origin have been proposed. Part of the prob-
lem in determining the origin of migmatites is explaining
how the granitic component formed. According to one
model, the granitic magma formed in place by the par-
tial melting of rock during intense metamorphism. Such

Image not available due to copyright restrictions
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M Figure 7.14

Nonfoliated textures are characterized by a mosaic of roughly
equidimensional minerals, as in this photomicrograph of marble.

an origin is possible provided that the host rocks con-
tained quartz and feldspars and that water was present.
Another possibility is that the granitic components
formed by the redistribution of minerals by recrystalliza-
tion in the solid state—that is, by pure metamorphism.

Nonfoliated Metamorphic Rocks

In some metamorphic rocks, the mineral grains do not
show a discernable preferred orientation. Instead, these
rocks consist of a mosaic of roughly equidimensional
minerals and are characterized as having a nonfoliated
texture (M Figure 7.14). Most nonfoliated metamorphic
rocks result from contact or regional metamorphism of
rocks with no platy or elongate minerals. Frequently, the
only indication that a granular rock has been metamor-

phosed is the large grain size resulting from recrystal-
lization. Nonfoliated metamorphic rocks are generally
of two types: those composed mainly of only one min-
eral—for example, marble or quartzite, and those in
which the different mineral grains are too small to be
seen without magnification—such as greenstone and
hornfels.

Marble is a well-known metamorphic rock composed
predominantly of calcite or dolomite; its grain size ranges
from fine to coarsely granular (see the chapter opening
photo and B Figure 7.15). Marble results from either
contact or regional metamorphism of limestones or dolo-
stones (Table 7.1). Pure marble is snowy white or bluish,
but many color varieties exist because of the presence of
mineral impurities in the original sedimentary rock. The
softness of marble, its uniform texture, and its varying
colors have made it the favorite rock of builders and
sculptors throughout history (see the Introduction and
“The Many Uses of Marble” on pages 188 and 189).

Quartzite is a hard, compact rock typically formed
from quartz sandstone under medium- to high-grade
metamorphic conditions during contact or regional
metamorphism (B Figure 7.16). Because recrystalliza-
tion is so complete, metamorphic quartzite is of uniform
strength and therefore usually breaks across the compo-
nent quartz grains rather than around them when it is
struck. Pure quartzite is white, but iron and other impu-
rities commonly impart a reddish or other color to it.
Quartzite is commonly used as foundation material for
road and railway beds.

The name greenstone is applied to any compact,
dark-green, altered, mafic igneous rock that formed
under low- to high-grade metamorphic conditions. The
green color results from the presence of chlorite, epi-
dote, and hornblende.

Hornfels, a fine-grained, nonfoliated metamorphic
rock resulting from contact metamorphism, is composed
of various equidimensional mineral grains. The compo-
sition of hornfels directly depends on the composition
of the original rock, and many compositional varieties
are known. The majority of hornfels, however, are ap-

Metamorphism
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Sue Monroe

Limestone

M Figure 7.15

Marble

Marble results from the metamorphism of the sedimentary rock limestone or dolostone.



WHAT ARE METAMORPHIC ZONES AND FACIES? 187

Metamorphism

Sue Monroe

Quartz sandstone

M Figure 7.16

Quartzite results from the metamorphism of quartz sandstone.

parently derived from contact metamorphism of clay-
rich sedimentary rocks or impure dolostones.

Anthracite is a black, lustrous, hard coal that con-
tains a high percentage of fixed carbon and a low per-
centage of volatile matter. It usually forms from the
metamorphism of lower-grade coals by heat and pres-
sure and is thus considered by many geologists to be a
metamorphic rock.

N . .

& Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Rock Labora-
tory” (click Rocks and the Rock Cycle—Rock Laboratory).

WHAT ARE
METAMORPHIC
ZONES AND FACIES?

he first systematic study of metamorphic

zones was conducted in the late 1800s by

George Barrow and other British geologists
working in the Dalradian schists of the southwestern
Scottish Highlands. Here, clay-rich sedimentary rocks
have been subjected to regional metamorphism, and
the resulting metamorphic rocks can be divided into
different zones based on the presence of distinctive
silicate mineral assemblages. These mineral assem-
blages, each recognized by the presence of one or
more index minerals, indicate different degrees of
metamorphism. The index minerals Barrow and his
associates chose to represent increasing metamorphic
intensity were chlorite, biotite, garnet, staurolite,
kyanite, and sillimanite (Figure 7.7). Note that these
are the metamorphic minerals produced from clay-
rich sedimentary rocks. Other mineral assemblages

>

Quartzite

and index minerals are produced from rocks with dif-
ferent original compositions.

The successive appearance of metamorphic index
minerals indicates gradually increasing or decreasing in-
tensity of metamorphism. Going from lower- to higher-
grade zones, the first appearance of a particular index
mineral indicates the location of the minimum tempera-
ture and pressure conditions needed for the formation of
that mineral. When the locations of the first appearances
of that index mineral are connected on a map, the result
is a line of equal metamorphic intensity or an isograd. The
region between isograds is known as a metamorphic
zone. By noting the occurrence of metamorphic index
minerals, geologists can construct a map showing the
metamorphic zones of an entire area (M Figure 7.17).

Numerous studies of different metamorphic rocks
have demonstrated that although the texture and composi-
tion of any rock may be altered by metamorphism, the over-
all chemical composition may be little changed. Thus, the
different mineral assemblages found in increasingly higher
grade metamorphic rocks derived from the same original
rock result from changes in temperature and pressure.

A metamorphic facies is a group of metamorphic
rocks characterized by particular mineral assemblages
formed under the same broad temperature—pressure con-
ditions (M Figure 7.18). Each facies is named after its most
characteristic rock or mineral. For example, the green
metamorphic mineral chlorite, which forms under rela-
tively low temperatures and pressures, yields rocks belong-
ing to the greenschist facies. Under increasingly higher
temperatures and pressures, other metamorphic facies,
such as the amphibolite and granulite facies, develop.

Although usually applied to areas where the original
rocks were clay-rich, the concept of metamorphic facies
can be used with modification in other situations. It can-
not, however, be used in areas where the original rocks
were pure quartz sandstones or pure limestones or dolo-
stones. Such rocks would yield only quartzites and mar-
bles, respectively.



The Many Uses of Marble

Marble is a remarkable stone that has a variety of uses. Formed from limestone
or dolostone by the metamorphic processes of heat and pressure, marble
comes in a variety of colors and textures.

Marble has been used by sculptors and architects for many centuries in
statuary, monuments, as a facing and main stone in
buildings and structures, as well as for floor tiling and
other ornamental and structural uses. Marble can also
be found in toothpaste and as a source of lime in
agricultural fertilizers.

Aphrodite of Melos, also known as Venus de Milo, is
one of the most recognizable works of art in the world.
Dated at around 150 B.c., Venus de Milo was created by
an unknown artist during the Hellenistic period and
carved from the world-famous Parian marble from Paros
in the Cyclades. Today Venus de Milo attracts thousands
of visitors a year to the Louvre Museum in Paris, where
she can be viewed and appreciated.

Reed Wicander

@
Marble has been used extensively
. as a building stone through the
§’ ages and throughout the world. For
z example, the Greek Parthenon was
% constructed of white Pentelic marble
E from Mt. Pentelicus in Attica.

L ]
The Taj Mahal in India is largely
constructed of Makrana marble

quarried from hills just southwest of

Jaipur in Rajasthan. In addition to
its main use as a building material,
marble was used throughout the
structure in art works and intricately
carved marble flowers (right). All in
all, it took more than 20,000
workers 17 years to build the Taj
Mahal from A.D 1631 to 1648.

Galen Rowell/ Corbis

Photodisc/ Getty Images
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[
In the United States, marble is used as a building stone in many
structures and is quarried from many locations. Marble is used in a
variety of buildings and monuments in Washington, D.C. The
Washington Monument is built from three different kinds of marble. The
first 152 feet of the monument, built between 1848 and 1854, is faced
with marble from the Texas, Maryland, quarry. Following 25 years of
virtual inactivity, construction resumed with four rows of white marble
from Lee, Massachusetts,

added above the Texas

marble. This marble

proved to be too costly,

so the upper part of the

monument was finished

with Cockeysville marble

from quarries at

Cockeysville, Maryland.

The three different

marbles can be

distinguished by the slight

differences in color.

Avenue on the west side of the Capitol is
constructed from white marble from Carrara,

Image not available due to copyright restrictions

The Peace Monument at Pennsylvania

Italy, a locality famous for its marble.

Photodisc/ Getty Images

Another example of a marble building in Washington, DC, is
the Lincoln Monument, built from the Colorado Yule Marble,
which is quarried at Marble, Colorado. This very pure white
marble has been used not only for the Lincoln Monument but
also for many other prominent buildings throughout the
United States.

Photodisc/ Getty Images
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METAMORPHIC ZONES
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M Figure 7.18

A pressure-temperature diagram showing where various
metamorphic facies occur. A facies is characterized by a particular
mineral assemblage that formed under the same broad
temperature—pressure conditions. Each facies is named after its
most characteristic rock or mineral. Source: From AGI Data Sheet 35.4,
AGI Data Sheets, 3rd edition (1989) with the kind permission of the American
Geological Institute. For more information, log on to www.agiweb.org

N Lake
Superior

M Figure 7.17

Metamorphic zones in the Upper
Peninsula of Michigan. The zones
in this region are based on the
presence of distinctive silicate
mineral assemblages resulting
from the metamorphism of
sedimentary rocks during an
interval of mountain building and
minor granitic intrusion during
the Proterozoic Eon, about 1.5
billion years ago. The lines
separating the different
metamorphic zones are isograds.
Source: From H. L. James,

G. S. A. Bulletin, vol. 66 (1955), plate 1,
page 1454, with permission of the
publisher, the Geological Society of
America, Boulder, Colorado. USA.
Copyright © 1955 Geological Society
of America.

Marquette o

HOW DOES PLATE
TECTONICS AFFECT
METAMORPHISM?

Ithough metamorphism is associated with all

three types of plate boundaries (see Figure

1.11), it is most common along convergent
plate margins. Metamorphic rocks form at convergent
plate boundaries because temperature and pressure in-
crease as a result of plate collisions.

B Figure 7.19 illustrates the various temperature—
pressure regimes produced along an oceanic—continental
convergent plate boundary and the type of metamorphic
facies and rocks that can result. When an oceanic plate
collides with a continental plate, tremendous pressure is
generated as the oceanic plate is subducted. Because
rock is a poor heat conductor, the cold descending
oceanic plate heats slowly, and metamorphism is caused
mostly by increasing pressure with depth. Metamor-
phism in such an environment produces rocks typical of
the blueschist facies (low temperature, high pressure),
which is characterized by the blue amphibole mineral
glaucophane (Figure 7.18). Geologists use the occur-
rence of blueschist facies rocks as evidence of ancient
subduction zones. An excellent example of blueschist
metamorphism can be found in the California Coast
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High-temperature,
high-pressure zone

High-
(amphibolite-granulite facies) 'gh-temperature,

low-pressure zone
(contact metamorphism)
Low-temperature,
high-pressure zone
(blueschist facies)

Trench

Sediment
Continental
crust Lithosphere
Oceanic Magma Upper
crust mantle
Asthenosphere
M Figure 7.19

Metamorphic facies resulting from various temperature—pressure conditions produced along an
oceanic—continental convergent plate boundary.

Ranges. Here rocks of the Franciscan Complex were
metamorphosed under low-temperature, high-pressure
conditions that clearly indicate the presence of a former
subduction zone (M Figure 7.20).

As subduction along the
oceanic—continental convergent
plate boundary continues, both
temperature and pressure in-
crease with depth and yield high-
grade metamorphic  rocks.
Eventually, the descending plate
begins to melt and generates
magma that moves upward. This
rising magma may alter the sur-
rounding rock by contact meta-
morphism, producing migmatites
in the deeper portions of the crust
and hornfels at shallower depths.
Such an environment is charac-
terized by high temperatures and
low to medium pressures.

Although metamorphism is
most common along convergent
plate margins, many divergent
plate boundaries are character-
ized by contact metamorphism.
Rising magma at mid-oceanic
ridges heats the adjacent rocks,
producing contact metamor-
phic minerals and textures. Be-
sides contact metamorphism,

fluids emanating from the rising magma—and its reac-
tion with seawater—very commonly produce metal-bear-
ing hydrothermal solutions that may precipitate minerals
of economic value. These deposits may eventually be
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Index map of California showing the location of the Franciscan Complex and a diagrammatic reconstruction of the environment in which it
was regionally metamorphosed under low-temperature, high-pressure subduction conditions approximately 150 million years ago. The red
line on the index map shows the orientation of the reconstruction to the current geography. Source: From “Effects of Late Jurassic-Early Tertiary
Subduction in California,” San Joaquin Geological Society Short Course, 1977, 66, Figure 5-9. Reprinted with permission.
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brought to Earth’s surface by later tectonic activity. The
copper ores of Cyprus are a good example of such hy-
drothermal activity (see Chapter 2).

METAMORPHISM
AND NATURAL
RESOURCES

any metamorphic rocks and minerals are
valuable natural resources. Although these
resources include various types of ore de-

Table 7.2

M Figure 7.21

Slate quarry in Wales. Slate, which has
a variety of uses, is the result of low-
grade metamorphism of shale. These
high-quality slates were formed by a
mountain-building episode that
occurred approximately 400 to 440
million years ago in the present-day
countries of Ireland, Scotland, Wales,
and Norway.

posits, the two most familiar and widely used metamor-
phic rocks, as such, are marble and slate, which, as we
discussed, have been used for centuries in a variety of
ways (M Figure 7.21).

Many ore deposits result from contact metamor-
phism during which hot, ion-rich fluids migrate from
igneous intrusions into the surrounding rock, thereby
producing rich ore deposits. The most common sul-
fide ore minerals associated with contact metamor-
phism are bornite, chalcopyrite, galena, pyrite, and
sphalerite; two common oxide ore minerals are
hematite and magnetite. Tin and tungsten are also im-
portant ores associated with contact metamorphism

(Table 7.2).

The Main Ore Deposits Resulting from Contact Metamorphism

Use

Important sources of copper, which is used in manufacturing,
transportation, communications, and construction

Major sources of iron for manufacture of steel, which is used in
nearly every form of construction, manufacturing, transportation,

and communications

Chief source of lead, which is used in batteries, pipes, solder,

and elsewhere where resistance to corrosion is required

Principal source of tin, which is used for tin plating, solder,

alloys, and chemicals

Ore Deposit Major Mineral Formula

Copper Bornite CusFeS,
Chalcopyrite CuFeS,

Iron Hematite Fe,O3
Magnetite Fe;0,

Lead Galena PbS

Tin Cassiterite SnO,

Tungsten Scheelite CaWQ,
Wolframite (Fe, MnN)WO,

Zinc Sphalerite (Zn, Fe)S

Chief sources of tungsten, which is used in hardening metals
and manufacturing carbides

Major source of zinc, which is used in batteries and in

galvanizing iron and making brass
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Other economically important metamorphic miner- ity; and andalusite, kyanite, and sillimanite, all of which
als include talc for talcum powder; graphite for pencils ~ are used in manufacturing high-temperature porcelains
and dry lubricants; garnets and corundum, which are  and temperature-resistant minerals for products such as
used as abrasives or gemstones, depending on their qual-  sparkplugs and the linings of furnaces.

GEO

RECAP

Chapter Summary

Metamorphic rocks result from the transformation
of other rocks, usually beneath Earth’s surface, as a
consequence of one or a combination of three
agents: heat, pressure, and fluid activity.

Heat for metamorphism comes from intrusive mag-
mas, extrusive lava flows, or deep burial. Pressure is
either lithostatic or differential. Fluids trapped in
sedimentary rocks or emanating from intruding
magmas can enhance chemical changes and the
formation of new minerals.

The three major types of metamorphism are con-
tact, dynamic, and regional.

Index minerals—minerals that form only within
specific temperature and pressure ranges—allow
geologists to recognize low-, intermediate-, and
high-grade metamorphic zones.

Metamorphic rocks are primarily classified accord-
ing to their texture. In a foliated texture, platy and
elongate minerals have a preferred orientation. A
nonfoliated texture does not exhibit any discernable
preferred orientation of the mineral grains.

Foliated metamorphic rocks can be arranged in
order of grain size and/or perfection of their folia-
tion. Slate is fine grained, followed by (in coarser-

grained order) phyllite and schist; gneiss displays
segregated bands of minerals. Amphibolite is
another fairly common foliated metamorphic rock.

Marble, quartzite, greenstone, and hornfels are
common nonfoliated metamorphic rocks.

Metamorphic zones are based on index minerals and
are areas of equal metamorphic intensity. Metamor-
phic facies are characterized by particular assem-
blages of minerals that formed under specific
metamorphic conditions. These facies are named for
a characteristic constituent mineral or rock type.

Metamorphism occurs along all three kinds of plate
boundaries but is most widespread at convergent
plate margins.

Metamorphic rocks formed near Earth’s surface
along an oceanic—continental convergent plate
boundary result from low-temperature, high-pres-
sure conditions. As a subducted oceanic plate
descends, it is subjected to increasingly higher tem-
peratures and pressures that result in higher-grade
metamorphism.

Many metamorphic rocks and minerals, such as
marble, slate, graphite, talc, and asbestos, are valu-
able natural resources.
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Important Terms

aureole (p. 179)

contact metamorphism (p. 178)
differential pressure (p. 178)
dynamic metamorphism (p. 179)
fluid activity (p. 178)

Review Questions

foliated texture (p. 181)

heat (p. 177)
index mineral (p. 180)

lithostatic pressure (p. 177)

metamorphic rock (p. 174)
metamorphic zone (p. 187)
nonfoliated texture (p. 186)
regional metamorphism (p. 180)

metamorphic facies (p. 187)

1. Magmatic heat and fluid activity are the pri-
mary agents involved in what type of meta-

morphism?

a. dynamic; b. lithostatic;

c. contact; d.
e. thermodynamic.

regional; 8.

2. Which of the following is not an agent or

process of metamorphism?
a. pressure; b. heat; c. fluid
activity; d. time; e. gravity. 9.

3. Which is the order of increasingly coarser
grain size and perfection of foliation?

gneiss — schist — phyllite — slate;
phyllite — slate — schist — gneiss;

slate — phyllite — schist — gneiss;
slate — schist — phyllite — gneiss.

a.
b.
c. schist — slate — gneiss — phyllite; 10.
d.
e.

4. Along what type of plate boundary is meta-

morphism most common? 11.
a. divergent; b. transform;
C. aseismic; d. convergent;
e. lithospheric.

5. Metamorphic zones
a. reflect a metamorphic grade; 12.
b. are characterized by distinctive min-
eral assemblages; c. are separated from
each other by isograds; d. all of these; 13.
e. none of these.

6. The nonfoliated metamorphic rock formed 14.
from limestone or dolostone is called
a. quartzite; b. marble; c. 15.
hornfels; d. greenstone; e. schist.

. Concentric zones surrounding an igneous in-
trusion and characterized by distinctive min-
eral assemblages are

a. thermodynamic rings; b.
hydrothermal regions; c. metamorphic
layers; d. regional facies;

e. aureoles.

Metamorphic rocks can form from what type
of original rock?

a. igneous; b. sedimentary;
c. metamorphic; d. volcanic;
e. all of these.

Pressure resulting from deep burial and ap-
plied equally in all directions on a rock is

a. directional; b. differential;
c. lithostatic; d. shear; e.
unilateral.

The majority of metamorphic rocks result
from which type of metamorphism?

a. lithostatic; b. contact; c.
regional; d. local; e. dynamic.
What specific features about foliated meta-
morphic rocks make them unsuitable as foun-
dations for dams? Are there any metamorphic
rocks that would make good foundations?
Why?

Discuss the role each of the three agents of
metamorphism plays in transforming any rock
into a metamorphic rock.

What is regional metamorphism, and under
what conditions does it occur?

Describe the two types of metamorphic tex-
ture, and discuss how they are produced.
Why is metamorphism more widespread
along convergent plate boundaries than along
any other type of plate boundary?
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16. Name several economically valuable metamorphic facies is represented by those con-
metamorphic minerals or rocks and discuss ditions? If the pressure is raised to 10 kbar, what
why they are valuable. facies is represented by the new conditions?

17. How can aureoles be used to determine the What change in depth of burial is required to
effects of metamorphism? effect a pressure change of 6 to 10 kbar?

18. Why should the average citizen know about 20. If plate tectonic movement did not exist,
metamorphic rocks and how they form? could there be metamorphism? Do you think

19. Using Figure 7.18, go to a point that is repre- metamorphic rocks exist on other planets in
sented by 450°C and 6 kbar of pressure. What our solar system? Why?
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OBJECTIVES

At the end of this chapter,
you will have learned that:

Energy is stored in rocks and is
released when they fracture, thus
producing various types of waves
that travel outward in all directions
from their source.

Most earthquakes take place in
well-defined zones at transform,
divergent, and convergent plate
boundaries.

An earthquake’s epicenter is found
by analyzing earthquake waves at no
fewer than three seismic stations.
Intensity is a qualitative assessment
of the damage done by an earth-
quake. The Richter Magnitude Scale
and Moment Magnitude Scale are
used to express the amount of energy
released during an earthquake.
Great hazards are associated with
earthquakes, such as ground shaking,
fire, tsunami, and ground failure.
Efforts by scientists to make accu-
rate, short-term earthquake predic-
tions have thus far met with only
limited success.

Geologists use seismic waves to
determine Earth’s internal structure.
Earth has a central core overlain by
a thick mantle and a thin outer layer
of crust.

Earth possesses considerable internal
heat that continuously escapes at the
surface.

Geolugy@an This icon, which appears throughout the book, in-
dicates an opportunity to explore interactive tutorials, animations, or
practice problems available on the GeologyNow website at
http://earthscience.brookscole.com/changingearth4e.

A woman and her child stand amid the rubble of their home in Bam, Iran,
on January 5, 2004. An estimated 43,000 people died in this, the most
recent major earthquake to hit Iran. Source: Morteza Nikoubaz/Reuters/Corbis
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t 5:27 A.M., on December 26, 2003, violent

shaking from an earthquake awakened hun-

dreds of thousands of people in the Bam

area of southeastern Iran. When the earth-
quake was over, an estimated 43,000 people were dead, at
least 30,000 were injured, and approximately 75,000 sur-
vivors were left homeless. The amount of destruction this 6.6-
magnitude earthquake caused is staggering. At least 85% of
the structures in the Bam area were destroyed or damaged.
Collapsed buildings were everywhere, streets were strewn
with rubble, and all communications were knocked out. All
in all, this was a disaster of epic proportions. Yet it was not the
first, nor will it be the last, major devastating earthquake in
this region or other parts of the world.

As one of nature’s most frightening and destructive phe-
nomena, earthquakes have always aroused a sense of fear
and have been the subject of myths and legends. What
makes an earthquake so frightening is that when it begins,
there is no way to tell how long it will last or how violent it
will be. About 13 million people have died in earthquakes
during the past 4000 years, with about 2.7 million of these
deaths occurring during the last century (Table 8.1).

Geologists define an earthquake as the shaking or trem-
bling caused by the sudden release of energy, usually as a re-
sult of faulting, which involves the displacement of rocks along
fractures (we discuss the different types of faults in Chapter
10). After an earthquake, continuing adjustments along a fault
may generate a series of earthquakes known as aftershocks.
Most aftershocks are smaller than the main shock, but they
can still cause considerable damage to already weakened
structures, as happened in the 2003 Iran earthquake.

Table 8.1

Some Significant Earthquakes

Year Location

1556 China (Shanxi Province)
1755 Portugal (Lisbon)

1906 USA (San Francisco, California)
1923 Japan (Tokyo)

1976 China (Tangshan)

1985 Mexico (Mexico City)
1988 Armenia

1990 Iran

1993 India

1995 Japan (Kobe)

1998 Afghanistan

1999 Turkey

2001 India

2003 Iran

2004 Indonesia

Although the geologic definition of an earthquake is ac-
curate, it is not nearly as imaginative or colorful as the expla-
nations held in the past. Many cultures attributed the cause
of earthquakes to movements of some kind of animal on
which Earth rested. In Japan it was a giant catfish, in Mongo-
lia a giant frog, in China an ox, in South America a whale,
and to the Algonquin of North America an immense tortoise.
A legend from Mexico holds that earthquakes occur when
the devil, El Diablo, rips open the crust so he and his friends
can reach the surface.

If earthquakes are not the result of animal movement or
the devil ripping open the crust, what does cause earth-
quakes? Geologists know that most earthquakes result from
energy released along plate boundaries, and as such, earth-
quakes are a manifestation of Earth’s dynamic nature and the
fact that Earth is an internally active planet.

Why should you study earthquakes? The obvious answer
is because they are destructive and cause many deaths and
injuries to people living in earthquake-prone areas. Earth-
quakes also affect the economies of many countries in terms
of cleanup costs, lost jobs, and lost business revenues. From
a purely personal standpoint, you someday may be caught
in an earthquake. Even if you don't plan to live in an area
subject to earthquakes, you probably will someday travel
where there is the threat of earthquakes, and you should
know what to do if you experience one.

In this chapter, you will learn what you can do to make
your home more earthquake resistant, precautions to take if
you live where earthquakes are common, and what to do
during and after an earthquake to minimize the chances of
serious injury to yourself or even death!

Magnitude Deaths
(estimated before 1935) (estimated)
8.0 1,000,000
8.6 70,000
8.3 3000
8.3 143,000
8.0 242,000
8.1 9500
7.0 25,000
7.3 40,000
6.4 30,000
7.2 5000+
6.1 5000+
7.4 17,000
7.9 14,000+
6.6 43,000

9.0 >156,000
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WHAT IS THE ELASTIC
REBOUND THEORY?

ased on studies conducted after the 1906 San

Francisco earthquake, H. F. Reid of The

Johns Hopkins University proposed the elas-
tic rebound theory to explain how energy is released
during earthquakes. Reid studied three sets of measure-
ments taken across a portion of the San Andreas fault
that had broken during the 1906 earthquake. The mea-
surements revealed that points on opposite sides of the
fault had moved 3.2 m during the 50-year period prior
to breakage in 1906, with the west side moving north-
ward (M Figure 8.1).

According to Reid, rocks on opposite sides of the
San Andreas fault had been storing energy and bending
slightly for at least 50 years before the 1906 earthquake.
Any straight line such as a fence or road that crossed the
San Andreas fault was gradually bent because rocks on
one side of the fault moved relative to rocks on the other
side (Figure 8.1). Eventually, the strength of the rocks
was exceeded, the rocks on opposite sides of the fault
rebounded or “snapped back” to their former unde-
formed shape, and the energy stored was released as
earthquake waves radiating outward from the break (Fig-
ure 8.1). Additional field and laboratory studies con-
ducted by Reid and others have confirmed that elastic

Fault \

Fence

Original position

NN\

Rupture and release of energy

(@)
M Figure 8.1

rebound is the mechanism by which energy is released
during earthquakes.

The energy stored in rocks undergoing elastic defor-
mation is analogous to the energy stored in a tightly
wound watch spring. The tighter the spring is wound,
the more energy is stored, so more energy is available for
release. If the spring is wound so tightly that it breaks,
then the stored energy is released as the spring rapidly
unwinds and partially regains its original shape. Perhaps
an even more meaningful analogy is simply bending a
long, straight stick over one’s knee. As the stick bends, it
deforms and eventually reaches the point at which it
breaks. When this happens, the two pieces of the origi-
nal stick snap back into their original straight position.
Likewise, rocks subjected to intense forces bend until
they break and then return to their original position, re-
leasing energy in the process.

WHAT IS SEISMOLOGY?

eismology, the study of earthquakes, emerged as
a true science during the 1880s with the devel-
opment of seismographs, instruments that de-
tect, record, and measure the vibrations produced by an
earthquake (M Figure 8.2). The record made by a seismo-
graph is called a seismogram. Although most seismographs

~N0 N\

Deformation

Rocks rebound to original undeformed shape

(b)

(a) According to the elastic rebound theory, when rocks are deformed, they store energy and bend. When the internal strength of the rocks is
exceeded, they fracture, releasing the energy as they rebound to their former undeformed shape. This sudden release of energy causes an
earthquake. (b) During the 1906 San Francisco earthquake, this fence in Marin County was displaced nearly 5 m.

James S. Monroe
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%
(a)
North
Cable
Support\ Suspended mass
Marker
Rotating drum
Base anchored
into bedrock and
moves with it
(b)
Support Spring
Suspended
mass
Rotating drum
Base anchored
into bedrock and
moves with it
(c)
M Figure 8.2

Modern seismographs record earthquake waves electronically.

(a) Earthquakes recorded by a seismograph. (b) A horizontal-motion
seismograph. Because of its inertia, the heavy mass that contains
the marker remains stationary while the rest of the structure moves
along with the ground during an earthquake. As long as the length
of the arm is not parallel to the direction of ground movement, the
marker will record the earthquake waves on the rotating drum. This
seismograph would record waves from west or east, but to record
waves from the north or south another seismograph at right angles
to this one is needed. (c) A vertical-motion seismograph. This
seismograph operates on the same principle as a horizontal-motion
instrument and records vertical ground movement.

‘ Epicenter
(1
\
\ |
1
“‘ c
Wave front Fault
N
& M Active Figure 8.3

The focus of an earthquake is the location where rupture begins
and energy is released. The place on the surface vertically above
the focus is the epicenter. Seismic wave fronts move out in all
directions from their source, the focus of an earthquake.

today have electronic sensors, computer printouts have
largely replaced the strip-chart seismograms of earlier seis-
mographs.

When an earthquake occurs, energy in the form of
seismic waves radiates out from the point of release (M Fig-
ure 8.3). These waves are somewhat analogous to the ripples
that move out concentrically from the point where a stone is
thrown into a pond. Unlike waves on a pond, however, seis-
mic waves move outward in all directions from their source.

Earthquakes take place because rocks are capable of
storing energy but their strength is limited, so if enough
force is present, they rupture and thus release their
stored energy. In other words, most earthquakes result
when movement occurs along fractures (faults), most of
which are related to plate movements. Once a fracture
begins, it moves along the fault at several kilometers per
second for as long as conditions for failure exist. The
longer the fracture along which movement occurs, the
more time it takes for the stored energy to be released,
and thus the longer the ground will shake. During some
very large earthquakes, the ground might shake for 3
minutes, a seemingly brief time but interminable if you
are experiencing the earthquake firsthand!

The Focus and Epicenter
of an Earthquake

The point within Earth where fracturing begins—that is,
the point at which energy is first released—is an earth-
quake’s focus, or hypocenter. What we usually hear in
news reports, however, is the location of the epicenter,
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The relationship between earthquake epicenters and plate boundaries. Approximately 80% of earthquakes occur within the circum-Pacific belt,

15% within the Mediterranean—Asiatic belt, and the remaining 5% within plate interiors or along oceanic spreading ridges. Each dot represents a

single earthquake epicenter. Source: Data from National Oceanic and Atmospheric Administration.

the point on Earth’s surface directly above the focus
(Figure 8.3). For instance, according to a report by the
U.S. Geological Survey, the August 1999 earthquake in
Turkey had an epicenter about 11 km southeast of the
city of Izmit, and its focal depth (the depth below Earth’s
surface of an earthquake’s focus) was about 17 km.
Seismologists recognize three categories of earth-
quakes based on focal depth. Shallow-focus earthquakes
have focal depths of less than 70 km from the surface,
whereas those with foci between 70 and 300 km are
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O -

€ 200-
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o o
.
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intermediate-focus, and the foci of those characterized as
deep-focus are more than 300 km deep. However, earth-
quakes are not evenly distributed among these three cat-
egories. Approximately 90% of all earthquake foci are at
depths of less than 100 km, whereas only about 3% of all
earthquakes are deep. Shallow-focus earthquakes are,
with few exceptions, the most destructive.

An interesting relationship exists between earthquake
foci and plate boundaries. Earthquakes generated along di-
vergent or transform plate boundaries are invariably shal-
low focus, while many shallow-
and nearly all intermediate- and
deep-focus earthquakes occur
along convergent margins (M Fig-
ure 8.4). Furthermore, a pattern
emerges when the focal depths of
earthquakes near island arcs and
their adjacent ocean trenches are
plotted. Notice in B Figure 8.5 that

Oceanic
lithosphere
M Figure 8.5

Focal depth increases in a well-defined
zone that dips approximately 45 degrees
beneath the Tonga volcanic arc in the
South Pacific. Dipping seismic zones are
called Benioff zones.
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the focal depth increases beneath the Tonga Trench in a nar-
row, well-defined zone that dips approximately 45 degrees.
Dipping seismic zones, called Benioff zones, are common to
convergent plate boundaries where one plate is subducted be-
neath another. Such dipping seismic zones indicate the angle
of plate descent along a convergent plate boundary.

WHERE DO
EARTHQUAKES
OCCUR, AND
HOW OFTEN?

o place on Earth is immune to earthquakes,
but almost 95% take place in seismic belts
corresponding to plate boundaries where
plates converge, diverge, and slide past each other.

(a)
M Figure 8.6

Dennis Fox

Roger Ressmeyer/Corbis

Earthquake activity distant from plate margins is
minimal but can be devastating when it occurs. The
relationship between plate margins and the distribu-
tion of earthquakes is readily apparent when the lo-
cations of earthquake epicenters are superimposed
on a map showing the boundaries of Earth’s plates
(Figure 8.4).

The majority of all earthquakes (approximately 80%)
occur in the circum-Pacific belt, a zone of seismic activ-
ity nearly encircling the Pacific Ocean basin. Most of
these earthquakes result from convergence along plate
margins, as in the case of the 1995 Kobe, Japan, earth-
quake (M Figure 8.6a). The earthquakes along the North
American Pacific Coast, especially in California, are also in
this belt, but here plates slide past one another rather than
converge. The October 17, 1989, Loma Prieta earthquake
in the San Francisco area (Figure 8.6b) and the January
17, 1994, Northridge earthquake (Figure 8.6¢) happened
along this plate boundary.

(c)

Earthquake damage in the circum-Pacific belt. (a) Some of the damage in Kobe, Japan, caused by the January 1995 earthquake in which
more than 5000 people died. (b) Damage in Oakland, California, from the October 1989 Loma Prieta earthquake. The columns supporting
the upper deck of Interstate 880 failed, causing the upper deck to collapse onto the lower one. (c) View of the severe exterior damage to the
Northridge Meadows apartments in which 16 people were killed as a result of the January 1994 Northridge, California, earthquake.
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The second major seismic belt, accounting for 15%
of all earthquakes, is the Mediterranean—Asiatic belt.
This belt extends westward from Indonesia through the
Himalayas, across Iran and Turkey, and westward
through the Mediterranean region of Europe. The dev-
astating 1990 and 2003 earthquakes in Iran that killed
40,000 and 43,000 people, respectively, the 1999 Turkey
earthquake that killed about 17,000, and the 2001 India
earthquake that killed more than 14,000 people are re-
cent examples of the destructive earthquakes that strike
this region (Table 8.1).

The remaining 5% of earthquakes occur mostly in
the interiors of plates and along oceanic spreading-
ridge systems. Most of these earthquakes are not
strong, although several major intraplate earthquakes
are worthy of mention. For example, the 1811 and
1812 earthquakes near New Madrid, Missouri, killed
approximately 20 people and nearly destroyed the
town. So strong were these earthquakes that they were
felt from the Rocky Mountains to the Atlantic Ocean
and from the Canadian border to the Gulf of Mexico.
Another major intraplate earthquake struck
Charleston, South Carolina, on August 31, 1886,
killing 60 people and causing $23 million in property
damage (M Figure 8.7).

The cause of intraplate earthquakes is not well un-
derstood, but geologists think they arise from localized
stresses caused by the compression that most plates ex-
perience along their margins. A useful analogy is moving
a house. Regardless of how careful the movers are, mov-

ing something so large without
its internal parts shifting slightly
is impossible. Similarly, plates
are not likely to move without
some internal stresses that occa-
sionally cause earthquakes. In-
terestingly, many intraplate
earthquakes are associated with
very ancient and presumed inac-
tive faults that are reactivated at
various intervals.

More than 150,000 earth-
quakes strong enough to be felt
are recorded every year by the
worldwide network of seismo-
graph stations. In addition, an
estimated 900,000 earthquakes
are recorded annually by seis-
mographs but are too small to
be individually cataloged. These
small earthquakes result from
the energy released as continual
adjustments take place between
the various plates.

=

N Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Earthquakes in
Space and Time" (click Earthquakes and Tsunami—Earthquakes in
Space and Time).

WHAT ARE
SEISMIC WAVES?

any people have experienced an earthquake

but are probably unaware that the shaking

they feel and the damage to structures are
caused by the arrival of seismic waves, a general term en-
compassing all waves generated by an earthquake. When
movement on a fault takes place, energy is released in
the form of two kinds of waves that radiate outward in all
directions from an earthquake’s focus. Body waves, so
called because they travel through the solid body of
Earth, are somewhat like sound waves, and surface waves,
which travel along the ground surface, are analogous to
undulations or waves on water surfaces.

Body Waves

An earthquake generates two types of body waves: P-waves
and S-waves (M Figure 8.8). P-waves or primary waves are
the fastest seismic waves and can travel through solids, lig-
uids, and gases. P-waves are compressional, or push-pull,
waves and are similar to sound waves in that they move
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(a) Undisturbed material for reference. (b) and (c) show how body waves travel through Earth. (b) Primary waves (P-waves) compress and
expand material in the same direction they travel. (c) Secondary waves (S-waves) move material perpendicular to the direction of wave
movement. (d) P- and S-waves and their effect on a surface structure. Source: (a, b, ¢): From Nuclear Explosions and Earthquakes: The Parted
Veil, by Bruce A. Bolt. Copyright © 1976 by W. H. Freeman and Company. Used with permission.

material forward and backward along a line in the same di-
rection that the waves themselves are moving (Figure 8.8b).
Thus, the material through which P-waves travel is expanded
and compressed as the waves move through it and returns to
its original size and shape after the wave passes by.

S-waves or secondary waves are somewhat slower
than P-waves and can travel only through solids. S-waves
are shear waves because they move the material perpen-
dicular to the direction of travel, thereby producing
shear stresses in the material they move through (Figure
8.8¢). Because liquids (as well as gases) are not rigid,
they have no shear strength and S-waves cannot be
transmitted through them.

The velocities of P- and S-waves are determined by
the density and elasticity of the materials through which
they travel. For example, seismic waves travel more
slowly through rocks of greater density but more rapidly
through rocks with greater elasticity. Elasticity is a prop-
erty of solids, such as rocks, and means that once they
have been deformed by an applied force, they return to
their original shape when the force is no longer present.
Because P-wave velocity is greater than S-wave velocity
in all materials, P-waves always arrive at seismic sta-
tions first.

Surface Waves

Surface waves travel along the surface of the ground,
or just below it, and are slower than body waves. Un-
like the sharp jolting and shaking that body waves
cause, surface waves generally produce a rolling or
swaying motion, much like the experience of being on
a boat.

Several types of surface waves are recognized.
The two most important are Rayleigh waves (R-
waves) and Love waves (L-waves), named after the
British scientists who discovered them, Lord Rayleigh
and A. E. H. Love. Rayleigh waves are generally the
slower of the two and behave like water waves in that
they move forward while the individual particles of
material move in an elliptical path within a vertical
plane oriented in the direction of wave movement
(M Figure 8.9b).

The motion of a Love wave is similar to that of an
S-wave, but the individual particles of the material move
only back and forth in a horizontal plane perpendicular
to the direction of wave travel (Figure 8.9¢). This type
of lateral motion can be particularly damaging to build-
ing foundations.
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(c) Love wave

Rayleigh wave Love wave

Surface waves. (a) Undisturbed material for reference. (b) and (c) show how surface waves travel along Earth’s surface or just below it.

(b) Rayleigh waves (R-waves) move material in an elliptical path in a plane oriented parallel to the direction of wave movement. (c) Love
waves (L-waves) move material back and forth in a horizontal plane perpendicular to the direction of wave movement. (d) The arrival of

R- and L-waves causes the surface to undulate and shake from side to side. Source: (a, b, ¢) From Nuclear Explosions and Earthquakes: The Parted
Veil, by Bruce A. Bolt. Copyright © 1976 by W. H. Freeman and Company. Used with permission.

HOW IS AN
EARTHQUAKE'S
EPICENTER LOCATED?

e mentioned that news articles com-

monly report an earthquake’s epicenter,

but just how is the location of an epicen-

ter determined? Once again, geologists rely on the study
of seismic waves. We know that P-waves travel faster
than S-waves, nearly twice as fast in all substances, so
P-waves arrive at a seismograph station first followed
some time later by S-waves. Both P- and S-waves travel
directly from the focus to the seismograph station
through Earth’s interior, but L- and R-waves arrive last
because they are the slowest, and they also travel the
longest route along the surface (M Figure 8.10a, b). L-
and R-waves cause much of the damage during earth-
quakes, but only P- and S-waves need concern us here be-
cause they are the ones important in finding an epicenter.
Seismologists, geologists who study seismology, have
accumulated a tremendous amount of data over the
years and now know the average speeds of P- and S-
waves for any specific distance from their source. These
P- and S-wave travel times are published in time—

distance graphs, which illustrate that the difference be-
tween the arrival times of the two waves is a function of
the distance between a seismograph and an earthquake’s
focus (Figure 8.10c). That is, the farther the waves
travel, the greater the P—S time interval or simply the
time difference between the arrivals of P- and S-waves
(Figure 8.10a, c).

If the P-S time intervals are known from at least
three seismograph stations, then the epicenter of any
earthquake can be determined (M Figure 8.11). Here is
how it works. Subtracting the arrival time of the first
P-wave from the arrival time of the first S-wave gives the
P-S time interval for each seismic station. Each of these
time intervals is plotted on a time—distance graph, and a
line is drawn straight down to the distance axis of the
graph, thus giving the distance from the focus to each seis-
mic station (Figure 8.10c). Next, a circle whose radius
equals the distance shown on the time—distance graph
from each of the seismic stations is drawn on a map (Fig-
ure 8.11). The intersection of the three circles is the loca-
tion of the earthquake’s epicenter. It should be obvious
from Figure 8.11 that P—S time intervals from at least three
seismic stations are needed. If only one were used, the epi-
center could be at any location on the circle drawn around
that station, and two stations would give two possible loca-
tions for the epicenter.
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Determining the focal depth of an earthquake is
much more difficult and considerably less precise than
finding its epicenter. The focal depth is usually found by
making computations based on several assumptions,
comparing the results with those obtained at other seis-
mic stations, and then recalculating and approximating
the depth as closely as possible. Even so, the results are

M Figure 8.10

(a) A schematic seismogram showing the arrival order and patterns
produced by P-, S-, and L-waves. When an earthquake occurs, body
and surface waves radiate out from the focus at the same time.
Because P-waves are the fastest, they arrive at a seismograph first,
followed by S-waves and then by surface waves, which are the
slowest waves. The difference between the arrival times of the

P- and S-waves is the P-S time interval; it is a function of the
distance of the seismograph station from the focus. (b) Seismogram
for the 1906 San Francisco earthquake, recorded 14,668 km away in
Géttingen, Germany. The total record represents about 26 minutes,
so considerable time passed between the arrival of the P-waves
and the slower-moving S-waves. The arrival of surface waves, not
shown here, caused the instrument to go off the scale. (c) A
time—distance graph showing the average travel times for P- and S-
waves. The farther away a seismograph station is from the focus of
an earthquake, the longer the interval between the arrivals of the P-
and S-waves, and hence the greater the distance between the
curves on the time—distance graph as indicated by the P-S time
interval. Source: (c) Based on data from C. F. Richter, Elementary
Seismology, 1958. W. H. Freeman and Company.

not highly accurate, but they do tell us that most earth-
quakes, probably 75%, have foci no deeper than 10 to
15 km and that a few are as deep as 680 km.

)

& Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “P and S Waves”
(click Earth’s Layers—P and S Waves).
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Two measures of an
earthquake’s strength are
commonly used. One is
intensity, a qualitative as-
sessment of the kinds of
damage done by an earth-
quake. The other, magni-
tude, is a quantitative
measure of the amount of
energy released by an
earthquake. Each method
provides important infor-
mation that can be used
to prepare for future
earthquakes.

Compass

Intensity

Intensity is a subjective
measure of the kind of
damage done by an earth-
quake as well as people’s
reaction to it. Since the
mid-19th century, geolo-
gists have used intensity
as a rough approximation
of the size and strength of
an earthquake. The most
common intensity scale
used in the United States

% B Active Figure 8.11

Three seismograph stations are needed to locate the epicenter of an earthquake. The P-S time interval
is plotted on a time—distance graph for each seismograph station to determine the distance that station
is from the epicenter. A circle with that radius is drawn from each station, and the intersection of the

three circles is the epicenter of the earthquake.

HOW ARE THE SIZE
AND STRENGTH

OF AN EARTHQUAKE
MEASURED?

ollowing any earthquake that causes extensive

damage, fatalities, and injuries, graphic reports

of the quake’s violence and human suffering
are common. Headlines tell us that thousands died,
many more were injured or left homeless, and property
damage is in the millions and possibly billions of dol-
lars. Few other natural processes account for such
tragic consequences. Although descriptions of fatalities
and damage give some indication of the size of an earth-
quake, geologists are interested in more reliable meth-
ods of determining an earthquake’s size and strength.

is the Modified Mercalli
Intensity Scale, which
has values ranging from I
to XII (Table 8.2).
Intensity maps can be
constructed for regions hit
by earthquakes by dividing
the affected region into
various intensity zones. The intensity value given for
each zone is the maximum intensity that the earthquake
produced for that zone. Even though intensity maps are
not precise because of the subjective nature of the mea-
surements, they do provide geologists with a rough ap-
proximation of the location of the earthquake, the kind
and extent of the damage done, and the effects of local
geology on different types of building construction
(M Figure 8.12). Because intensity is a measure of the kind
of damage done by an earthquake, insurance companies
still classify earthquakes on the basis of intensity.
Generally, a large earthquake will produce higher
intensity values than a small earthquake, but many
other factors besides the amount of energy released by
an earthquake also affect its intensity. These include
distance from the epicenter, focal depth of the earth-
quake, population density and local geology of the area,
type of building construction employed, and duration

of shaking.
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Table 8.2

Modified Mercalli Intensity Scale

| Not felt except by a very few under especially favor-
able circumstances.

Il Felt by only a few people at rest, especially on
upper floors of buildings.

Il Felt quite noticeably indoors, especially on upper
floors of buildings, but many people do not recog-
nize it as an earthquake. Standing automobiles may
rock slightly.

IV During the day felt indoors by many, outdoors by
few. At night some awakened. Sensation like heavy
truck striking building, standing automobiles rocked
noticeably.

V  Felt by nearly everyone, many awakened. Some
dishes, windows, etc. broken, a few instances of
cracked plaster. Disturbance of trees, poles, and
other tall objects sometimes noticed.

VI  Felt by all, many frightened and run outdoors. Some
heavy furniture moved, a few instances of fallen
plaster or damaged chimneys. Damage slight.

VIl Everybody runs outdoors. Damage negligible in
buildings of good design and construction; slight to
moderate in well-built ordinary structures; consider-

Source: U.S. Geological Survey.

Magnitude

If earthquakes are to be compared quantitatively, we
must use a scale that measures the amount of energy
released and is independent of intensity. Such a scale
was developed in 1935 by Charles F. Richter, a seismol-
ogist at the California Institute of Technology. The
Richter Magnitude Scale measures earthquake mag-
nitude, which is the total amount of energy released by
an earthquake at its source. It is an open-ended scale
with values beginning at 1. The largest magnitude
recorded has been 8.6, and though values greater than
9 are theoretically possible, they are highly improbable
because rocks are not able to store the energy necessary
to generate earthquakes of this magnitude.

Scientists determine the magnitude of an earth-
quake by measuring the amplitude of the largest seismic
wave as recorded on a seismogram (M Figure 8.13). To
avoid large numbers, Richter used a conventional base-10
logarithmic scale to convert the amplitude of the largest
recorded seismic wave to a numerical magnitude value
(Figure 8.13). Therefore, each whole-number increase in
magnitude represents a 10-fold increase in wave amplitude.
For example, the amplitude of the largest seismic wave for
an earthquake of magnitude 6 is 10 times the amplitude
produced by an earthquake of magnitude 5, 100 times as

able in poorly built or badly designed structures;
some chimneys broken. Noticed by people driving
automobiles.

VIl Damage slight in specially designed structures; con-
siderable in normally constructed buildings with
possible partial collapse; great in poorly built struc-
tures. Fall of chimneys, monuments, walls. Heavy fur-
niture overturned. Sand and mud ejected in small
amounts.

IX  Damage considerable in specially designed struc-
tures. Buildings shifted off foundations. Ground
noticeably cracked. Underground pipes broken.

X Some well-built wooden structures destroyed; most
masonry and frame structures with foundations
destroyed; ground badly cracked. Rails bent. Land-
slides considerable from river banks and steep
slopes. Water splashed over river banks.

Xl Few, if any (masonry) structures remain standing.
Bridges destroyed. Broad fissures in ground. Under-
ground pipelines completely out of service.

Xl Damage total. Waves seen on ground surfaces.
Objects thrown upward into the air.

large as a magnitude-4 earthquake, and 1000 times that of
an earthquake of magnitude 3 (10 X 10 X 10 = 1000).

A common misconception about the size of earth-
quakes is that an increase of one unit on the Richter
Magnitude Scale—a 7 versus a 6, for instance—means
a 10-fold increase in size. It is true that each whole-
number increase in magnitude represents a 10-fold in-
crease in the wave amplitude, but each magnitude
increase corresponds to a roughly 30-fold increase in the
amount of energy released (actually it is 31.5, but 30 is
close enough for our purposes). This means that it
would take about 30 earthquakes of magnitude 6 to
equal the energy released in one earthquake with a mag-
nitude of 7. The 1964 Alaska earthquake with a magni-
tude of 8.6 released almost 900 times more energy than
the 1994 Northridge, California, earthquake of magni-
tude 6.7! And the Alaska earthquake released more than
27,000 times as much energy as one with a magnitude
of 5.6 would have.

We mentioned that more than 900,000 earthquakes
are recorded around the world each year. Table 8.3
shows that the vast majority of earthquakes have a
Richter magnitude of less than 2.5, and that great earth-
quakes (those with a magnitude greater than 8.0) occur,
on average, only once every five years.



California

v

Pacific Ocean

,f/ \’L«/ @

% H-1v
{ N__-C Lau

Nevada

—~

Barstow

_—
( MEXICO

M Figure 8.12

VENTURA
COUNTY

| | LOS ANGELES
| | COUNTY

0 5 10 15
L1 11

km

Preliminary Modified Mercalli Intensity map for the 1994 Northridge, California, earthquake, showing the region divided into intensity zones
based on the kind of damage done. This earthquake had a magnitude of 6.7.

20 1
54

O .
Distance P-S
(km)

0 10 20
P —S = 24 seconds

b
Amplitude

=23 mm
l \

10 2¢ 30

B - 100
6 - 50
5:/{

g 10
4 -5
34 -2

- F1
2 0.5
1 : -0.2

- 0.1
04 :

Magnitude Arrzrsllgu)de

(seconds)

The Richter Magnitude Scale was devised to measure
earthquake waves on a particular seismograph and at a spe-
cific distance from an earthquake. One of its limitations is
that it underestimates the energy of very large earthquakes
because it measures the highest peak on a seismogram,
which represents only an instant during an earthquake. For
large earthquakes, the energy might be released over sev-
eral minutes and along hundreds of kilometers of a fault.
For example, during the 1857 Fort Tejon, California, earth-
quake, the ground shook for more than 2 minutes and en-
ergy was released for 360 km along the fault. Despite the
shortcomings, Richter magnitudes still commonly appear
in news releases. More recently, seismologists developed a

M Figure 8.13

The Richter Magnitude Scale measures the total amount of energy
released by an earthquake at its source. The magnitude is
determined by measuring the maximum amplitude of the largest
seismic wave and marking it on the right-hand scale. The difference
between the arrival times of the P- and S-waves (recorded in
seconds) is marked on the left-hand scale. When a line is drawn
between the two points, the magnitude of the earthquake is the
point at which the line crosses the center scale. Source: From
Earthquakes, by Bruce A. Bolt. Copyright © 1988 by W. H. Freeman
and Company, Used with permission.
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Table 8.3

Average Number of Earthquakes
of Various Magnitudes
per Year Worldwide

Average Number

Magnitude Effects per Year

<25 Typically not felt 900,000
but recorded

2.5-6.0 Usually felt; minor 31,000
to moderate damage
to structures

6.1-6.9 Potentially destructive, 100
especially in
populated areas

7.0-7.9 Major earthquakes; 20
serious damage
results

>8.0 Great earthquakes; 1 every 5 years

usually result in
total destruction

Source: Modified from Earthquake Information Bulletin, and B.
Gutenberg and C. F. Richter, Seismicity of the Earth and Associ-
ated Phenomena (Princeton, NJ: Princeton University Press, 1949).

Seismic-Moment Magnitude Scale that considers the area
of a fault along which rupture occurred and the amount of
movement of rocks adjacent to the fault. Seismologists are
confident that they now have a scale with which they can
not only compare different size earthquakes but also evalu-
ate the size of earthquakes that occurred before instru-
ments were available to record them.

= Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Seismic Case
Study Alaska, 1964" (click Earthquakes and Tsunami—Seismic Case
Study Alaska, 1964).

WHAT ARE THE
DESTRUCTIVE EFFECTS
OF EARTHQUAKES?

ertainly, earthquakes are one of nature’s most

destructive phenomena. Little or no warning

precedes earthquakes, and once they begin,
little or nothing can be done to minimize their effects,
although planning before an earthquake can help.
However, earthquake prediction may become a reality
in the future (discussed in a later section). The destruc-
tive effects of earthquakes include ground shaking, fire,
seismic sea waves, and landslides, as well as panic, dis-
ruption of vital services, and psychological shock. In
some cases, rescue attempts are hampered by inade-

quate resources or planning, conditions of civil unrest,
or simply the magnitude of the disaster.

The number of deaths and injuries as well as the
amount of property damage resulting from an earth-
quake depends on several factors. Generally speaking,
earthquakes during working hours and school hours in
densely populated urban areas are the most destructive
and cause the most fatalities and injuries. However,
magnitude, duration of shaking, distance from the epi-
center, geology of the affected region, and type of struc-
tures are also important considerations. Given these
variables, it should not be surprising that a compara-
tively small earthquake can have disastrous effects,
whereas a much larger one might go largely unnoticed,
except perhaps by seismologists.

Ground Shaking

Ground shaking, the most obvious and immediate effect
of an earthquake, varies depending on magnitude, distance
from the epicenter, and type of underlying materials in the
area—unconsolidated sediment or fill versus bedrock, for
instance. Certainly ground shaking is terrifying, and it may
be violent enough for fissures to open in the ground. Nev-
ertheless, contrary to popular myth, fissures do not swal-
low up people and buildings and then close on them. And
although California will no doubt have big earthquakes in
the future, rocks cannot store enough energy to displace a
landmass as large as California into the Pacific Ocean, as
the tabloids sometimes suggest will happen.

The effects of ground shaking, such as collapsing
buildings, falling building facades and window glass, and
toppling monuments and statues, cause more damage
and result in more loss of life and injuries than any other
earthquake hazard. Structures built on solid bedrock
generally suffer less damage than those built on poorly
consolidated material such as water-saturated sediments
or artificial fill (see Geo-Focus 8.1).

Structures built on poorly consolidated or water-
saturated material are subjected to ground shaking of
longer duration and greater S-wave amplitude than
structures built on bedrock (M Figure 8.14). In addition,
fill and water-saturated sediments tend to liquefy, or be-
have as a fluid, a process known as liquefaction. When
shaken, the individual grains lose cohesion and the ground
flows. Two dramatic examples of damage resulting from lig-
uefaction are Niigata, Japan, where large apartment build-
ings were tipped to their sides after the water-saturated soil
of the hillside collapsed (M Figure 8.15), and Mexico City,
which is built on soft lake bed sediments.

Besides the magnitude of an earthquake and the un-
derlying geology, the material used and the type of con-
struction also affect the amount of damage done (see
Geo-Focus 8.1). Adobe and mud-walled structures are
the weakest of all and almost always collapse during an
earthquake. Unreinforced brick structures and poorly
built concrete structures are also particularly suscepti-
ble to collapse. For example, the 1976 earthquake in
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The amplitude and duration of seismic waves generally increase as
they pass from bedrock into poorly consolidated or water-saturated
material. Thus structures built on weaker material typically suffer
greater damage than similar structures built on bedrock.

Tangshan, China, completely leveled the city because
hardly any structures were built to resist seismic forces.
In fact, most had unreinforced brick walls, which have
no flexibility, and consequently they collapsed during the
shaking (M Figure 8.16a).

The 6.4-magnitude earthquake that struck India in
1993 killed about 30,000 people, whereas the 6.7-magni-
tude Northridge, California, earthquake one year later
resulted in only 61 deaths. Why such a difference in the
death toll? Both earthquakes occurred in densely popu-
lated regions, but in India the brick and stone buildings

M Figure 8.15

The effects of ground shaking on water-saturated soil are dramatically illustrated by the
collapse of these buildings in Niigata, Japan, during a 1964 earthquake. The buildings were

designed to be earthquake resistant and fell over on their sides intact.

could not withstand ground shaking; most collapsed and
entombed their occupants (Figure 8.16b).

Fire

In many earthquakes, particularly in urban areas, fire is
a major hazard. Almost 90% of the damage done in the
1906 San Francisco earthquake was caused by fire. The
shaking severed many electrical and gas lines, which
touched off flames and started fires all over the city. Be-
cause water mains were ruptured by the earthquake,
there was no effective way to fight the fires that raged
out of control for three days, destroying much of the city.

Eighty-three years later during the 1989 Loma Pri-
eta earthquake, a fire broke out in the Marina district of
San Francisco (M Figure 8.17). This time, however, the
fire was contained within a small area because San Fran-
cisco had a system of valves throughout its water and gas
pipeline system so that lines could be isolated from breaks
(see “The San Andreas Fault” on pages 216 and 217).

During the September 1, 1923, earthquake in Japan,
fires destroyed 71% of the houses in Tokyo and practi-
cally all the houses in Yokohama. In all, 576,262 houses
were destroyed by fire, and 143,000 people died, many
as a result of fire.

Tsunami: Killer Waves

On December 26, 2004, a magnitude 9.0 earthquake
struck 160 km off the west coast of northern Sumatra,
Indonesia, generating the deadliest tsunami in history.
Within hours, walls of water up to 10.5 m high
pounded the coasts of Indonesia, Sri
Lanka, India, Thailand, Somalia,
Myanmar, Malaysia, and the Mal-
dives, killing more than 156,000
people and causing billions of dol-
lars in damage (M Figure 8.18).

This earthquake-generated wave
is popularly called a “tidal wave” but
is more correctly termed a seismic sea
wave or tsunami, a Japanese term
meaning “harbor wave.” The term
tidal wave nevertheless persists in
popular literature and some news ac-
counts, but these waves are not
caused by or related to tides. Indeed,
tsunami are destructive sea waves
generated when large amounts of en-
ergy are rapidly released into a body
of water. Many result from submarine
earthquakes, but volcanoes at sea or
submarine landslides can also cause
them. For example, the 1883 erup-
tion of Krakatau between Java and
Sumatra generated a large sea wave
that killed 36,000 on nearby islands.



Designing Earthquake-Resistant Structures

ne way to reduce prop-
erty damage, injuries,
and loss of life is to
design and build struc-
tures that are as earthquake resis-
tant as possible. Many things can be
done to improve the safety of cur-
rent structures and of new buildings.
To design earthquake-resistant
structures, engineers must under-
stand the dynamics and mechanics
of earthquakes, including the type
and duration of the ground motion
and how rapidly the ground accel-
erates during an earthquake. An
understanding of the area’s geology
is also important because certain
ground materials such as water-
saturated sediments or landfill can
lose their strength and cohesive-
ness during an earthquake (Figure
8.14). Finally, engineers must be
aware of how different structures
behave under different earthquake
conditions.
With the level of technology cur-
rently available, a well-designed,

properly constructed building
should be able to withstand small,
short-duration earthquakes of less
than 5.5 magnitude with little or no
damage. In moderate earthquakes
(5.5-7.0 magnitude), the damage
suffered should not be serious and
should be repairable. In a major
earthquake of greater than 7.0
magnitude, the building should not
collapse, although it may later have
to be demolished.

Many factors enter into the de-
sign of an earthquake-resistant
structure, but the most important is
that the building be tied together;
that is, the foundation, walls, floors,
and roof should all be joined
together to create a structure that
can withstand both horizontal and
vertical shaking (Ml Figure 1). Almost
all the structural failures resulting
from earthquake ground movement
occur at weak connections, where
the various parts of a structure are
not securely tied together. Build-
ings with open or unsupported first

stories are particularly susceptible
to damage. Some reinforcement
must be done, or collapse is a dis-
tinct possibility (Figure 1).

Tall buildings, such as skyscrap-
ers, must be designed so that a cer-
tain amount of swaying or flexing
can occur, but not so much that
they touch neighboring buildings
during swaying. If a building is brit-
tle and does not give, it will crack
and fail. Besides designed flexibility,
engineers must ensure that a build-
ing does not vibrate at the same
frequency as the ground does dur-
ing an earthquake. When that hap-
pens, the force applied by the
seismic waves at ground level is
multiplied several times by the time
they reach the top of the building.

Damage to high-rise structures
can also be minimized or prevented
by using diagonal steel beams to
help prevent swaying. In addition,
tall buildings in earthquake-prone
areas are now commonly placed on
layered steel and rubber structures

Once a tsunami is generated, it can travel across an
entire ocean and cause devastation far from its source.
In the open sea, tsunami travel at several hundred kilo-
meters per hour and commonly go unnoticed as they
pass beneath ships because they are usually less than 1
m high and the distance between wave crests is typically
hundreds of kilometers. When they enter shallow water,
however, the wave slows down and water piles up to
heights from a meter or two to many meters high. The
1946 tsunami that struck Hilo, Hawaii, was 16.5 m
high! In any case, the tremendous energy possessed by a
tsunami is concentrated on a shoreline when it hits ei-
ther as a large breaking wave or, in some cases, as what
appears to be a very rapidly rising tide.

A common popular belief is that a tsunami is a sin-
gle large wave that crashes onto a shoreline. Any
tsunami consists of a series of waves that pour onshore
for as long as 30 minutes followed by an equal time dur-
ing which water rushes back to sea. Furthermore, after
the first wave hits, more waves follow at 20- to 60-
minute intervals. About 80 minutes after the 1755
earthquake in Lisbon, Portugal, the first of three
tsunami, the largest more than 12 m high, destroyed the
waterfront area and killed numerous people. Following
the arrival of a 2-m-high tsunami in Crescent City, Cal-
ifornia, in 1964, curious people went to the waterfront
to inspect the damage. Unfortunately, 10 were killed by
a following 4-m-high wave!
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This illustration shows some of the things a homeowner can do to reduce damage to a building because of ground shaking during an earthquake.
Notice that the structure must be solidly attached to its foundation, and bracing the walls helps prevent damage from horizontal motion.

and devices similar to shock

reinforced beams to the exterior,

absorbers that help decrease the
amount of sway.

What about structures built
many years ago? Just as in new
buildings, the most important thing
that can be done to increase the

stability and safety of older struc-
tures is to tie together the different
components of each building. This
can be done by adding a steel
frame to unreinforced parts of a
building such as a garage, bolting
the walls to the foundation, adding

and using beam and joist connec-
tors whenever possible. Although
such modifications are expensive,
they are usually cheaper than hav-
ing to replace a building that was
destroyed by an earthquake.

One of nature’s warning signs of some approaching
tsunami is a sudden withdrawal of the sea from a coastal
region. In fact, the sea might withdraw so far that it can-
not even be seen and the seafloor is laid bare over a huge
area. On more than one occasion, people have rushed
out to inspect exposed reefs or collect fish and shells
only to be swept away when the tsunami arrived.

Following the tragic 1946 tsunami that hit Hilo,
Hawaii, the U.S. Coast and Geodetic Survey established
a Tsunami Early Warning System in Honolulu, Hawaii,
in an attempt to minimize tsunami devastation. This sys-
tem combines seismographs and instruments that detect
earthquake-generated sea waves. Whenever a strong
earthquake takes place anywhere within the Pacific

basin, its location is determined, and instruments are
checked to see whether a tsunami has been generated.
If it has, a warning is sent out to evacuate people from
low-lying areas that may be affected. Nevertheless,
tsunami remain a threat to people in coastal areas, espe-
cially around the Pacific Ocean (Table 8.4).Unfortu-
nately, no such warning system exists for the Indian
Ocean. If one had been in place, it is possible that the
death toll from the December 26, 2004 tsunami might
not have been as high.

GeUlUgy@ oW Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Tsunami” (click
Earthquakes and Tsunami—Tsunami).



China Stock

214 CHAPTER 8 EARTHQUAKES AND EARTH'S INTERIOR

Cindy Andrews/Liaison Agency, Inc.

(a) (b)
M Figure 8.16

(a) Many of the approximately 242,000 people who died in the 1976 earthquake in Tangshan, China, were killed by collapsing structures.
Many buildings were constructed from unreinforced brick, which has no flexibility and quickly fell during the quake. (b) In 1993 India
experienced its worst earthquake in more than 50 years. Thousands of brick and stone houses collapsed, killing at least 30,000 people.

Image not available due to copyright restrictions
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Ground Failure

Earthquake-triggered landslides are particularly danger-
ous in mountainous regions and have been responsible
for tremendous amounts of damage and many deaths.
The 1959 earthquake in Madison Canyon, Montana,
for example, caused a huge rock slide (B Figure 8.19),
whereas the 1970 Peru earthquake caused an avalanche
that destroyed the town of Yungay and killed an estimated
66,000 people. Most of the 100,000 deaths from the 1920
earthquake in Gansu, China, resulted when cliffs com-
posed of loess (wind-deposited silt) collapsed. More than
20,000 people were killed when two-thirds of the town of

Table 8.4

Tsunami Fatalities Since 1990

Date Location

September 2, 1992
December 12, 1992
July 12, 1993

June 2, 1994
November 14, 1994
October 9, 1995
January 1, 1996
February 17, 1996
February 21, 1996

Nicaragua
Flores Island
Okushiri, Japan
East Java
Mindoro Island
Jalisco, Mexico
Sulawesi Island
Irian Jaya

North coast of Peru

July 17, 1998
December 26, 2004

Papua New Guinea

Sumatra, Indonesia

Port Royal, Jamaica, slid into the sea following an earth-
quake on June 7, 1692.

CAN EARTHQUAKES
BE PREDICTED?

successful prediction must include a time
frame for the occurrence of an earthquake,
its location, and its strength. Despite the
tremendous amount of information geologists have

Maximum Wave Height Fatalities
10m 170
26 m >1000
31m 239
14 m 238

7m 49
Mm 1
34 m 9
7.7 m 161
5m 12
15m >2200
10.5m >156,000

Source: F. |. Gonzales, Tsunami! Scientific American 280, no. 5 (1999): 59.
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The San Andreas Fault

The circum-Pacific belt is well known for its volcanic activity and earthquakes. Indeed, about
60% of all volcanic eruptions and 80% of all earthquakes take place in this belt that nearly

encircles the Pacific Ocean basin (Figure 8.4).

One well-known and well-studied segment of the circum-Pacific belt is the 1300-km-long
San Andreas fault extending from the Gulf of California north through coastal California until
it terminates at the Mendocino fracture zone off California’s north coast. In plate tectonic
terminology, it marks a transform plate boundary between the North American and Pacific

plates (see Chapter 2).
Earthquakes along the
San Andreas and related
faults will continue to occur.
But other segments of the
circum-Pacific belt as well
as the Mediterranean—
Asiatic belt are also
active and will continue to
experience earthquakes.

USGS

View across the San Andreas fault at Tomales Bay, north
of San Francisco. The low area occupied by the bay is
underlain by shattered rocks of the San Andreas fault
zone. Rocks underlying the hills in the distance are on the

North American plate, whereas those at the point where
this photograph was taken are on the Pacific plate.

James S. Monroe

Aerial view of the San Andreas fault. Notice how
the gulleys have been displaced by the fault.

This shop in Olema, California, is
rather whimsically called The
Epicenter, alluding to the fact that it is
in the San Andreas fault zone.
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Rocks on opposite sides of the San Andreas
fault periodically lurch past one another,
generating large earthquakes. The most
famous one destroyed San Francisco on
April 18, 1906. It resulted when 465 km of
the fault ruptured, causing about 6 m of
horizontal displacment in some areas (see
Figure 8.1b). It is estimated that 3000 people
died. The shaking lasted nearly 1 minute and
caused property damage estimated at $400
million in 1906 dollars! About 28,000
buildings were destroyed, many of them by
the three-day fire that raged out of control
and devastated about 12 km? of the city.

San Francisco following the 1906 earthquake. This view along Sacramento Street

shows damaged buildings and the approaching fire.
®
Severe damage
caused by ground

Since 1906 the San Andreas fault and its shaking during the
subsidiary faults have spawned many more 1994 Northridge
earthquakes. One of the most tragic was centered earthquake.
at Northridge, California, a small community north Sixteen died in this
of Los Angeles. During the early morning hours of building.

January 17, 1994, Northridge and surrounding
areas were shaken for 40 seconds. When it was
over, 61 people were dead and thousands injured;
an oil main and at least 250 gas lines had ruptured,
igniting numerous fires; nine freeways were
destroyed; and thousands of homes and other
buildings were damaged or destroyed.

Don Bloomer/ Time

A portion of Interstate 5 Golden State Freeway collapsed
during the 1994 Northridge earthquake. Fortunately, no one
was killed at this location.

Ted Soqui/ Sygma/ Corbis

L ]
A spectacular fire on Balboa Boulevard,
Northridge, was caused by a gas-main
explosion during the earthquake.
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deposit
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On August 17, 1959, an earthquake with a Richter magnitude of 7.3 shook southwestern Montana and a large area in adjacent states. (a) The
fault scarp in this image was produced when the block in the background moved up several meters compared to the one in the foreground.
(b) The earthquake triggered a landslide (visible in the distance) that blocked the Madison River in Montana and created Earthquake Lake
(foreground). The slide entombed about 26 people in a campground at the valley bottom.

gathered about the cause of earthquakes, successful
predictions are still rare. Nevertheless, if reliable pre-
dictions can be made, they can greatly reduce the num-
ber of deaths and injuries.

From an analysis of historic records and the distrib-
ution of known faults, geologists construct seismic risk
maps that indicate the likelihood and potential severity
of future earthquakes based on the intensity of past
earthquakes.

An international effort by scientists from several
countries resulted in the publication of the first Global
Seismic Hazard Assessment Map in December 1999
(M Figure 8.20). Although such maps cannot be used to
predict when an earthquake will take place in any particu-
lar area, they are useful in anticipating future earthquakes
and helping people plan and prepare for them.

Earthquake Precursors

Studies conducted during the past several decades indi-
cate that most earthquakes are preceded by both short-
term and long-term changes within Earth. Such
changes are called precursors.

Changes in elevation and tilting of the land surface
have frequently preceded earthquakes and may be warn-
ings of impending quakes. Extremely slight changes in
the angle of the ground surface can be measured by tilt-
meters. Tiltmeters have been placed on both sides of the
San Andreas fault to measure tilting of the ground sur-
face that is thought to result from increasing pressure in
the rocks. Data from measurements in central Califor-
nia indicate significant tilting immediately preceding
small earthquakes. Furthermore, extensive tiltmeter
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The Global Seismic Hazard Assessment Program published this seismic hazard map showing peak ground accelerations. The values are based
on a 90% probability that the indicated horizontal ground acceleration during an earthquake is not likely to be exceeded in 50 years. The higher
the number, the greater the hazard. As expected, the greatest seismic risks are in the circum-Pacific belt and the Mediterranean-Asiatic belt.

work performed in Japan prior to the 1964 Niigata
earthquake clearly showed a relationship between in-
creased tilting and the main shock. Although more re-
search is needed, such precursors appear to be useful in
making short-term earthquake predictions.

Other earthquake precursors include fluctuations in
the water level of wells and changes in Earth’s magnetic
field and the electrical resistance of the ground. These fluc-
tuations are thought to result from changes in the amount
of pore space in rocks because of increasing pressure.

Besides the various precursors just discussed, one
long-range prediction technique used in seismically ac-
tive areas involves plotting the location of major earth-
quakes and their aftershocks to detect areas that have
had major earthquakes in the past but are currently in-
active. Such regions are locked and not releasing energy.
Nevertheless, pressure is continuing to accumulate in
these regions because of plate motions, making these
seismic gaps prime locations for future earthquakes. Sev-
eral seismic gaps along the San Andreas fault have the
potential for future major earthquakes (M Figure 8.21).

Earthquake Prediction Programs

Currently, only four nations—the United States, Japan,
Russia, and China—have government-sponsored earth-
quake prediction programs. These programs include
laboratory and field studies of rock behavior before, dur-
ing, and after large earthquakes as well as monitoring
activity along major active faults. Most earthquake pre-
diction work in the United States is done by the U.S.

What Would You Do

Your city has experienced moderate to large
earthquakes in the past, and as a result, the local plan-
ning committee, of which you are a member, has been
charged with making recommendations as to how your
city can best reduce damage as well as potential injuries
and fatalities resulting from future earthquakes. You are
told to consider zoning regulations; building codes for
private dwellings, hospitals, public buildings, and high-
rise structures; and emergency contingency plans. What
kinds of recommendations would you make, and what
and who would you ask for professional guidance?

Geological Survey (USGS) and involves research into
all aspects of earthquake-related phenomena.

The Chinese have perhaps the most ambitious earth-
quake prediction program in the world, which is under-
standable considering their long history of destructive
earthquakes. Their earthquake prediction program was ini-
tiated soon after two large earthquakes occurred at Xingtai
(300 km southwest of Beijing) in 1966. The program in-
cludes extensive study and monitoring of all possible earth-
quake precursors. In addition, the Chinese emphasize
changes in phenomena that can be observed and heard
without the use of sophisticated instruments. They suc-
cessfully predicted the 1975 Haicheng earthquake but
failed to predict the devastating 1976 Tangshan earthquake
that killed at least 242,000 people (Figure 8.16a).
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Progress is being made toward dependable, accurate
earthquake predictions, and studies are under way to as-
sess public reactions to long-, medium-, and short-term
earthquake warnings. However, unless short-term warn-
ings are actually followed by an earthquake, most people
will probably ignore the warnings as they frequently do
now for hurricanes, tornadoes, and tsunami. Perhaps the
best we can hope for is that people in seismically active
areas will take measures to minimize their risk from the
next major earthquake (Table 8.5).

=)

=/

Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Seismic Risk
USA" (click Earthquakes and Tsunami—Seismic Risk USA).

CAN EARTHQUAKES
BE CONTROLLED?

eliable earthquake prediction is still in the fu-

ture, but can anything be done to control or at

least partly control earthquakes? Because of
the tremendous energy involved, it seems unlikely that
humans will ever be able to prevent earthquakes. How-
ever, it may be possible to gradually release the energy
stored in rocks, thus decreasing the probability of a large
earthquake and extensive damage.

October 17, 1989. U.S. Geologjical
Survey.

During the early to mid-1960s, Denver, Colorado, ex-
perienced numerous small earthquakes. This was surpris-
ing because Denver had not been prone to earthquakes in
the past. In 1962, geologist David M. Evans suggested
that Denver’s earthquakes were directly related to the in-
jection of contaminated wastewater into a disposal well
3674 m deep at the Rocky Mountain Arsenal, northeast
of Denver (M Figure 8.22a). The U.S. Army initially de-
nied that a connection existed, but a USGS study con-
cluded that the pumping of waste fluids into the disposal
well was the cause of the earthquakes.

Figure 8.22b shows the relationship between the av-
erage number of earthquakes in Denver per month and
the average amount of contaminated fluids injected into
the disposal well per month. Obviously, a high degree of
correlation between the two exists, and the correlation
is particularly convincing considering that during the
time when no waste fluids were injected, earthquake ac-
tivity decreased dramatically.

The area beneath the Rocky Mountain Arsenal con-
sists of highly fractured gneiss overlain by sedimentary
rocks. When water was pumped into these fractures, it
decreased the friction on opposite sides of the fractures
and, in essence, lubricated them so that movement oc-
curred, causing the earthquakes that Denver experienced.

Experiments conducted in 1969 at an abandoned
oil field near Rangely, Colorado, confirmed the arse-
nal hypothesis. Water was pumped in and out of
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Table 8.5

What You Can Do to Prepare for an Earthquake

Anyone who lives in an area that is subject to earthquakes or who will be visiting or moving to such an area can take certain
precautions to reduce the risks and losses resulting from an earthquake.

Before an earthquake:

1. Become familiar with the geologic hazards of the area
where you live and work.

2. Make sure your house is securely attached to the founda-
tion by anchor bolts and that the walls, floors, and roof
are all firmly connected together.

3. Heavy furniture such as bookcases should be bolted to
the walls; semiflexible natural gas lines should be used
so that they can give without breaking; water heaters and
furnaces should be strapped and the straps bolted to
wall studs to prevent gas-line rupture and fire. Brick
chimneys should have a bracket or brace that can be
anchored to the roof.

4. Maintain a several-day supply of fresh water and canned
foods, and keep a fresh supply of flashlight and radio
batteries as well as a fire extinguisher.

5. Maintain a basic first-aid kit, and have a working knowl-
edge of first-aid procedures.

6. Learn how to turn off the utilities at your house.

7. Above all, have a planned course of action for when an
earthquake strikes.

During an earthquake:

1. Remain calm and avoid panic.

abandoned oil wells, the pore-water pressure in these
wells was measured, and seismographs were installed
in the area to measure any seismic activity. Monitor-
ing showed that small earthquakes were occurring in
the area when fluids were injected and that earth-
quake activity declined when fluids were pumped out.
What the geologists were doing was starting and stop-
ping earthquakes at will, and the relationship be-
tween pore-water pressures and earthquakes was
established.

Based on these results, some geologists have pro-
posed that fluids be pumped into the locked segments
or seismic gaps of active faults to cause small- to moder-
ate-sized earthquakes. They think that this would relieve
the pressure on the fault and prevent a major earthquake
from occurring. Although this plan is intriguing, it also
has many potential problems. For instance, there is no
guarantee that only a small earthquake might result. In-
stead a major earthquake might occur, causing tremen-
dous property damage and loss of life. Who would be
responsible? Certainly, a great deal more research is
needed before such an experiment is performed, even in
an area of low population density.

It appears that until such time as earthquakes
can be accurately predicted or controlled, the best

2. If you are indoors, get under a desk or table if possible, or
stand in an interior doorway or room corners as these are the
structurally strongest parts of a room; avoid windows and
falling debris.

3. In a tall building, do not rush for the stairwells or elevators.

4. In an unreinforced or other hazardous building, it may be bet-
ter to get out of the building rather than to stay in it. Be on the
alert for fallen power lines and the possibility of falling debris.

5. If you are outside, get to an open area away from build-
ings if possible.

6. If you are in an automobile, stay in the car, and avoid tall
buildings, overpasses, and bridges if possible.

After an earthquake:

1. If you are uninjured, remain calm and assess the situation.

2. Help anyone who is injured.

3. Make sure there are no fires or fire hazards.

4. Check for damage to utilities and turn off gas valves if you
smell gas.

. Use your telephone only for emergencies.

6. Do not go sightseeing or move around the streets

unnecessarily.
7. Avoid landslide and beach areas.
8. Be prepared for aftershocks.

ol

means of defense is careful planning and preparation
(Table 8.5).

WHAT IS EARTH'’S
INTERIOR LIKE?

uring most of historic time, Earth’s interior

was perceived as an underground world of

vast caverns, heat, and sulfur gases, popu-
lated by demons. By the 1860s, scientists knew what
the average density of Earth was and that pressure and
temperature increase with depth. And even though
Earth’s interior is hidden from direct observation, sci-
entists now have a reasonably good idea of its internal
structure and composition.

Earth is generally depicted as consisting of con-
centric layers that differ in composition and density
separated from adjacent layers by rather distinct
boundaries (M Figure 8.23). Recall that the outermost
layer, or the crust, is Earth’s thin skin. Below the crust
and extending about halfway to Earth’s center is the
mantle, which comprises more than 80% of Earth’s vol-
ume. The central part of Earth consists of a core,
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which is divided into a solid inner portion and a liquid
outer part (Figure 8.23).

The behavior and travel times of P- and S-waves pro-
vide geologists with much information about Earth’s in-
ternal structure. Seismic waves travel outward as wave
fronts from their source areas, although it is most con-
venient to depict them as wave rays, which are lines
showing the direction of movement of small parts of
wave fronts (Figure 8.3). Any disturbance, such as a
passing train or construction equipment, can cause seis-
mic waves, but only those generated by large earth-
quakes, explosive volcanism, asteroid impacts, and
nuclear explosions can travel completely through Earth.

o
]

Denver since injection of wastewater
into the disposal well ceased in 1965.
Source: From Figure 6, page 17,
Geotimes Vol. 10, No. 9 (1966) with

3895585599538 the kind permission of the American
ZOSUEE<ZE5529020  Geological Institute. For more
1965 information, log onto www.agiweb.org

As we noted earlier, P- and S-wave velocity is de-
termined by the density and elasticity of the materials
they travel through, both of which increase with
depth. Wave velocity is slowed by increasing density
but increases in materials with greater elasticity. Be-
cause elasticity increases with depth faster than den-
sity, a general increase in seismic wave velocity takes
place as the waves penetrate to greater depths. P-
waves travel faster than S-waves under all circum-
stances, but unlike P-waves, S-waves are not
transmitted through a liquid because liquids have no
shear strength (rigidity); liquids simply flow in re-
sponse to shear stress.
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phenomenon known as refraction, in much the
same way as light waves are refracted as they
pass from air into more dense water (M Figure
8.24). Because seismic waves pass through mate-
rials of differing density and elasticity, they are
continually refracted so that their paths are
curved; wave rays travel only in a straight line and
are not refracted when their direction of travel is
perpendicular to a boundary (Figure 8.24).
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Earth’s internal structure. The inset shows Earth’s outer part in more detail. The

asthenosphere is solid but behaves plastically and flows.

As a seismic wave travels from one material into an-
other of different density and elasticity, its velocity and di-
rection of travel change. That is, the wave is bent, a

Reflected waves

Refracted waves

Inner core

Outer core

M Figure 8.24

Refraction and reflection of P-waves. When seismic waves pass
through a boundary separating Earth materials of different density
or elasticity, they are refracted, and some of their energy is
reflected back to the surface. Notice that the only wave ray not
refracted is the one perpendicular to boundaries.

In addition to refraction, seismic rays are

reflected, much as light is reflected from a
mirror. When seismic rays encounter a
boundary separating materials of different
density or elasticity, some of a wave’s energy
is reflected back to the surface (Figure 8.24).
If we know the wave velocity and the time re-
quired for the wave to travel from its source
to the boundary and back to the surface, we
can calculate the depth of the reflecting
boundary. Such information is useful in de-
termining not only Earth’s internal structure
but also the depths of sedimentary rocks that
may contain petroleum.

Although changes in seismic wave velocity
occur continuously with depth, P-wave veloc-
ity increases suddenly at the base of the crust
and decreases abruptly at a depth of about
2900 km (M Figure 8.25). Such marked changes
in seismic wave velocity indicate a boundary
called a discontinuity across which a significant
change in Earth materials or their properties oc-
curs. These discontinuities are the basis for sub-
dividing Earth’s interior into concentric layers.

@ Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Reflection and
Refraction” (click Earth’s Layers—Reflection and Refraction).

EARTH'S CORE

n 1906, R. D. Oldham of the Geological Survey of
India realized that seismic waves arrived later than
expected at seismic stations more than 130 degrees
from an earthquake focus. He postulated that Earth has
a core that transmits seismic waves more slowly than
shallower Earth materials. We now know that P-wave
velocity decreases markedly at a depth of 2900 km,
which indicates an important discontinuity now recog-
nized as the core-mantle boundary (Figure 8.25).
Because of the sudden decrease in P-wave velocity
at the core—mantle boundary, P-waves are refracted in
the core so that little P-wave energy reaches the surface
in the area between 103 degrees and 143 degrees from
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M Figure 8.25

Profiles showing seismic wave velocities versus depth. Several
discontinuities are shown across which seismic wave velocities
change rapidly. Source: From G. C. Brown and A. E. Musset, The
Inaccessible Earth (Kluwer Academic Publishers, 1981), Figure 12.7a.
Reprinted with permission of the author.

an earthquake focus (M Figure 8.26). This area in which
little P-wave energy is recorded by seismographs is a P-
wave shadow zone.

The P-wave shadow zone is not a perfect shadow
zone because some weak P-wave energy reaches the sur-
face within the zone. Scientists proposed several hy-
potheses to account for this observation, but all were
rejected by the Danish seismologist Inge Lehmann, who
in 1936 postulated that the core is not entirely liquid as
previously thought. She proposed that seismic wave re-
flection from a solid inner core accounted for the arrival
of weak P-wave energy in the P-wave shadow zone, a
proposal that was quickly accepted by seismologists.

In 1926, the British physicist Harold Jeffreys real-
ized that S-waves were not simply slowed by the core but
were completely blocked by it. So, besides a P-wave
shadow zone, a much larger and more complete S-wave

103°
outer core

P-wave
shadow zone

(a)

P-wave
shadow zone

143°

103° e 103°
Liquid
outer core

(b)

S- e
Wave shadow 20"

Geology=Now M Active Figure 8.26

(a) P-waves are refracted so that little P-wave energy reaches the
surface in the P-wave shadow zone. (b) The presence of an S-wave
shadow zone indicates that S-waves are being blocked within Earth.

shadow zone also exists (Figure 8.26b). At locations
greater than 103 degrees from an earthquake focus, no
S-waves are recorded, which indicates that S-waves can-
not be transmitted through the core. S-waves will not
pass through a liquid, so it seems that the outer core
must be liquid or behave as a liquid.

Density and Composition of the Core

The core constitutes 16.4% of Earth’s volume and nearly
one-third of its mass. Geologists can estimate the core’s
density and composition by using seismic evidence and
laboratory experiments. Furthermore, meteorites, which
are thought to represent remnants of the material from
which the solar system formed, are used to make esti-
mates of density and composition. For example, mete-
orites composed of iron and nickel alloys may represent
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the differentiated interiors of large asteroids and approx-
imate the density and composition of Earth’s core. The
density of the outer core varies from 9.9 to 12.2 g/ecm3.
At Earth’s center, the pressure is equivalent to about 3.5
million times normal atmospheric pressure.

The core cannot be composed of the minerals that
are most common at the surface because even under the
tremendous pressures at great depth they would still not
be dense enough to yield an average density of 5.5 g/cm?3
for Earth. Both the outer and inner cores are thought to
be composed largely of iron, but pure iron is too dense
to be the sole constituent of the outer core. Thus, it
must be “diluted” with elements of lesser density. Labo-
ratory experiments and comparisons with iron mete-
orites indicate that about 12% of the outer core may
consist of sulfur and perhaps some silicon and small
amounts of nickel and potassium.

In contrast, pure iron is not dense enough to ac-
count for the estimated density of the inner core, so per-
haps 10-20% of the inner core consists of nickel. These
metals form an iron—nickel alloy thought to be suffi-
ciently dense under the pressure at that depth to ac-
count for the density of the inner core.

When the core formed during early Earth history, it
was probably molten and has since cooled so that its in-
terior has crystallized. Indeed, the inner core continues
to grow as Earth slowly cools, and liquid of the outer
core crystallizes as iron. Recent evidence also indicates
that the inner core rotates faster than the outer core,
moving about 20 km/yr relative to the outer core.

@ Log into GeologyNow and select this chapter
to work through a Geology Interactive activity on “Core Studies”
(click Earth’s Layers—Core Studies).

EARTH'S MANTLE

nother significant discovery about Earth’s in-
terior was made in 1909 when the Yugosla-
vian seismologist Andrija Mohorovi¢ic’
detected a discontinuity at a depth of about 30 km. While
studying the arrival times of seismic waves from Balkan

200 km

earthquakes, Mohorovi¢ic” noticed that seismic stations
a few hundred kilometers from an earthquake’s epicenter
were recording two distinct sets of P- and S-waves.

From his observations, Mohorovi¢ic” concluded that
a sharp boundary separates rocks with different proper-
ties at a depth of about 30 km. He postulated that P-
waves below this boundary travel at 8 km/sec, whereas
those above the boundary travel at 6.75 km/sec. When
an earthquake occurs, some waves travel directly from
the focus to a seismic station, whereas others travel
through the deeper layer and some of their energy is re-
fracted back to the surface (B Figure 8.27). Waves travel-
ing through the deeper layer travel farther to a seismic
station but they do so more rapidly and arrive before those
in the shallower layer. The boundary identified by Mo-
horovicic” separates the crust from the mantle and is now
called the Mohorovi¢ic” discontinuity, or simply the
Moho. It is present everywhere except beneath spreading
ridges, but its depth varies. Beneath the continents it
ranges from 20 to 90 km with an average of 35 km; beneath
the sea floor it is 5 to 10 km deep.

The Mantle’s Structure, Density,
and Composition

Although seismic wave velocity in the mantle increases
with depth, several discontinuities exist. Between
depths of 100 and 250 km, both P- and S-wave veloci-
ties decrease markedly (M Figure 8.28). This 100- to 250-
km-deep layer is the low-velocity zone, which corresponds
closely to the asthenosphere, a layer in which the rocks are
close to their melting point and are less elastic, account-
ing for the observed decrease in seismic wave velocity. The
asthenosphere is an important zone because it may be
where some magma is generated. Furthermore, it lacks
strength, flows plastically, and is thought to be the layer
over which the plates of the outer, rigid lithosphere move.

Other discontinuities are also present at deeper lev-
els within the mantle. But unlike those between the
crust and mantle or between the mantle and core, these
probably represent structural changes in minerals rather
than compositional changes. In other words, geologists
think the mantle is composed of the same material
throughout, but the structural states of minerals such as

Direct wave

M Figure 8.27

Epicenter

Andrija Mohorovicic” studied seismic
waves and detected a seismic
discontinuity at a depth of about 30
km. The deeper, faster seismic waves
arrive at seismic stations first, even
though they travel farther. This
discontinuity, now known as the Moho,
is between the crust and mantle.
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Variations in P-wave velocity in the upper mantle and transition
zone. Source: From G. C. Brown and A. E. Musset, The Inaccessible
Earth (Kluwer Academic Publishers, 1981), Figure 7.11. Reprinted
with permission of the author.

olivine change with depth. At a depth of 410 km, seis-
mic wave velocity increases slightly as a consequence of
such changes in mineral structure (Figure 8.28). An-
other velocity increase occurs at about 660 km, where
the minerals break down into metal oxides, such as FeO
(iron oxide) and MgO (magnesium oxide), and silicon
dioxide (SiO,). These two discontinuities define the top
and base of a transition zone separating the upper man-
tle from the lower mantle (Figure 8.28).

What Would You Do

Of course, novels such as Journey to the Center of the
Earth are fiction, but it is surprising how many people
think that vast caverns and cavities exist deep within
the planet. How would you explain that even though we
have no direct observations at great depth, we can still
be sure that these proposed openings do not exist?

1000

Although the mantle’s density, which varies from
3.3 to 5.7 g/cm3, can be inferred rather accurately
from seismic waves, its composition is less certain.
The igneous rock peridotite, containing mostly ferro-
magnesian silicates, is considered the most likely
component. Laboratory experiments indicate that it
possesses physical properties that account for the
mantle’s density and observed rates of seismic wave
transmissions. Peridotite also forms the lower parts
of igneous rock sequences thought to be fragments
of the oceanic crust and upper mantle emplaced on
land. In addition, peridotite occurs as inclusions in
volcanic rock bodies such as kimberlite pipes that are
known to have come from depths of 100 to 300 km.
These inclusions appear to be pieces of the mantle.

SEISMIC TOMOGRAPHY

he model of Earth’s interior consisting of

an iron-rich core and a rocky mantle is

probably accurate, but not very precise. In
recent years, geophysicists have developed a tech-
nique called seismic tomography that allows them to
develop more accurate models of Earth’s interior. In
seismic tomography, numerous crossing seismic waves
are analyzed in much the same way radiologists analyze
CAT (computerized axial tomography) scans. In CAT
scans, X rays penetrate the body and a two-dimensional
image of its interior is formed. Repeated CAT scans
from slightly different angles are computer analyzed and
stacked to produce a three-dimensional image.

In a similar manner, geophysicists use seismic waves
to probe Earth’s interior. In seismic tomography, the av-
erage velocities of numerous crossing seismic waves are
analyzed so that “slow” and “fast” areas of wave travel
are detected (M Figure 8.29). Remember that seismic wave
velocity depends partly on elasticity; cold rocks have greater
elasticity and therefore transmit seismic waves faster than
hotter rocks.

As a result of studies in seismic tomography, a much
clearer picture of Earth’s interior is emerging. It has al-
ready given us a better understanding of complex con-
vection within the mantle and a clearer picture of the
nature of the core—-mantle boundary.

EARTH’'S INTERNAL HEAT

uring the 19th century, scientists realized
that the temperature in deep mines in-
creases with depth. The same trend has
been observed in deep drill holes. This temperature
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GEOLOGY
IN UNEXPECTED PLACES

Diamonds and Earth’s Interior

iamond—a jewel, a shape, a tool.
Chances are you or someone you
know owns a diamond ring, neck-
lace, or bracelet, because diamond,
which symbolizes strength and puirity, is the
most popular and sought-after gemstone. The
value of gem-quality diamonds is determined
by their color (colorless ones are most desir-
able), clarity (lack of flaws), and carat (1 carat =
200 milligrams). A diamond's value also
depends on the cut, the way it is cleaved, cut,
and polished to yield small plane surfaces
known as facets, which enhance the quality of
reflected light (M Figure 1 and see Figure 3.1b).
Most of the world's diamonds come from
stream and beach placer deposits, but the ulti-
mate source of most gem-quality diamonds and
industrial diamonds is kimberlite pipes
composed of dark gray or blue igneous rock
that originated at great depths. In fact, diamond
is composed of carbon that forms at pressures
found at least 100 km deep—that is, in Earth's
mantle. Diamond establishes a minimum depth
for the magma that cools to form kimberlite,
and a form of silica also in these rocks that

indicates that the magma originated between
100 and 300 km below the surface. In addition
to diamonds and silica, kimberlite commonly
contains inclusions of peridotite (see Figure
4.10) that are most likely pieces of the mantle.
Because diamond is so hard (see Table 3.3)
it is used for abrasives and for tools that cut
other hard substances, such as other
gemstones, eyeglasses, and even computer
chips. In road construction, diamonds are used
to grind down old pavement before a new
layer of blacktop is poured. Even petroleum
companies use diamond-studded drill bits.

M Figure 1

A diamond’s value is determined by color, clarity,
carat, and cut, the four C's.

Seismometer
f

Earthquake

Peter Kaskons/Index Stock

increase with depth, or geothermal gradient, near the
surface is about 25°C/km. In areas of active or recently
active volcanism, the geothermal gradient is greater
than in adjacent nonvolcanic areas, and temperature
rises faster beneath spreading ridges than elsewhere be-
neath the seafloor.

M Figure 8.29

Numerous earthquake waves are analyzed to detect areas within
Earth that transmit seismic waves faster or slower than adjacent
areas. Areas of fast wave travel correspond to “cold” regions (blue),
whereas "hot” regions (red) transmit seismic waves more slowly.
Source: From “Journey to the Center of the Earth,” by T. A. Heppenheimer,
Discover, v. 8, no. 11, Nov. 1987. lllustration by Andrew Christie, copyright

© 1987.
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Most of Earth’s internal heat is generated by ra-
dioactive decay, especially the decay of isotopes of ura-
nium and thorium and to a lesser degree of potassium
40. When these isotopes decay, they emit energetic par-
ticles and gamma rays that heat surrounding rocks. And
because rock is such a poor conductor of heat, it takes
little radioactive decay to build up considerable heat,
given enough time.

Unfortunately, the geothermal gradient is not useful
for estimating temperatures at great depth. If we were
simply to extrapolate from the surface downward, the
temperature at 100 km would be so high that, despite the
great pressure, all known rocks would melt. Yet except
for pockets of magma, it appears that the mantle is solid
rather than liquid because it transmits S-waves. Accord-
ingly, the geothermal gradient must decrease markedly.

Current estimates of the temperature at the base of
the crust are 800° to 1200°C. The latter figure seems to
be an upper limit; if it were any higher, melting would
be expected. Furthermore, fragments of mantle rock in
kimberlite pipes, thought to have come from depths of
100-300 km, appear to have reached equilibrium at
these depths at a temperature of about 1200°C. At the
core—mantle boundary, the temperature is probably be-
tween 2500° and 5000°C; the wide spread of values in-
dicates the uncertainties of such estimates. If these
figures are reasonably accurate, the geothermal gradient
in the mantle is only about 1°C/km.

Because the core is so remote and its composition
uncertain, only very general estimates of its temperature
are possible. Based on various experiments, the maxi-
mum temperature at the center of the core is thought to
be 6500°C, very close to the estimated temperature for
the surface of the Sun!

GEO

EARTH'S CRUST

ur main concern in the latter part of this

chapter is Earth’s interior, but to be com-

plete we must briefly discuss the crust,
which along with the upper mantle constitutes the
lithosphere.

Continental crust is complex, consisting of all rock
types, but it is usually described as “granitic,” meaning
that its overall composition is similar to that of granitic
rocks. With the exception of metal-rich rocks such as
iron ore deposits, most rocks of the continental crust
have densities between 2.0 and 3.0 g/cm3, with the av-
erage density of the crust being about 2.70 g/cm3.
P-wave velocity in continental crust is about 6.75
km/sec. Continental crust averages 35 km thick, but it is
much thicker beneath mountain ranges and consider-
ably thinner in such areas as the Rift Valleys of East
Africa and a large area called the Basin and Range
Province in the western United States where it is being
stretched and thinned.

In contrast to continental crust, oceanic crust is
simpler, consisting of gabbro in its lower part and over-
lain by basalt. It is thinnest, about 5 km, at spreading
ridges, and nowhere is it thicker than 10 km. Its density
of 3.0 g/cm3 accounts for the fact that it transmits
P-waves at about 7 km/sec. In fact, this P-wave velocity
is what one would expect if oceanic crust is composed
of basalt and gabbro. We present a more detailed de-
scription of the oceanic crust’s composition and struc-
ture in Chapter 9.

RECAP

Chapter Summary

Earthquakes are vibrations caused by the sudden
release of energy, usually along a fault.

The elastic rebound theory holds that pressure
builds in rocks on opposite sides of a fault until the
strength of the rocks is exceeded and rupture

occurs. When the rocks rupture, stored energy is
released as they snap back to their original position.

Seismology is the study of earthquakes. Earth-
quakes are recorded on seismographs, and the
record of an earthquake is a seismogram.
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The point where energy is released is an earth-
quake’s focus, and its epicenter is directly above the
focus on the surface.

Approximately 80% of all earthquakes occur in the
circum-Pacific belt, 15% within the Mediterranean—
Asiatic belt, and the remaining 5% mostly in the
interior of the plates or along oceanic spreading-
ridge systems.

The two types of body waves are P-waves and
S-waves. P-waves travel through all materials,
whereas S-waves do not travel through liquids.
P-waves are the fastest waves and are compres-
sional, whereas S-waves are shear.

The two types of surface waves are Rayleigh and
Love waves. They travel along or just below the
surface.

Scientists locate the epicenter of an earthquake by
using a time—distance graph of the P- and S-waves
from any given distance. Three seismographs are
needed to locate the epicenter.

Intensity is a measure of the kinds of damage done
by an earthquake and is expressed by values from I

to XII in the Modified Mercalli Intensity Scale.

Magnitude measures the amount of energy released
by an earthquake and is expressed in the Richter
Magnitude Scale. Each increase in the magnitude
number represents about a 30-fold increase in
energy released.

The Seismic-Moment Magnitude Scale more accu-
rately estimates the energy released during very
large earthquakes.

Ground shaking is the most destructive of all earth-
quake hazards. The amount of damage done by an
earthquake depends on the geology of the area, type
of building construction, magnitude of the earth-
quake, and duration of shaking.

Tsunami are seismic sea waves that are produced
by earthquakes, submarine landslides, and erup-
tions of volcanoes at sea.

Seismic risk maps help geologists make long-term
predictions about the severity of earthquakes based
on past occurrences.

Important Terms

discontinuity (p. 223)
earthquake (p. 198)

elastic rebound theory (p. 199)
epicenter (p. 200)

focus (p. 200)

geothermal gradient (p. 227)
intensity (p. 207)

Love wave (L-wave) (p. 204)

Earthquake precursors are changes preceding an

earthquake that can be used to predict earthquakes.
Precursors include seismic gaps, changes in surface
elevations, and fluctuations of water levels in wells.

A variety of earthquake research programs are under
way in the United States, Japan, Russia, and China.
Studies indicate that most people would probably
not heed a short-term earthquake warning.

Injecting fluids into locked segments of an active
fault holds some promise as a possible means of
earthquake control.

Earth has an outer layer of oceanic and continental
crust below which lies a rocky mantle and an iron-
rich core with a solid inner part and a liquid outer
part.

Studies of P- and S-waves, laboratory experiments,
comparisons with meteorites, and studies of inclu-
sions in volcanic rocks provide evidence about the
composition and structure of Earth’s interior.

Density and elasticity of Earth materials determine
the velocity of seismic waves. Seismic waves are
refracted when their direction of travel changes.
Wave reflection occurs at boundaries across which
the properties of rocks change.

Geologists use the behavior of P- and S-waves and
the presence of P- and S-wave shadow zones to
estimate the density and composition of Earth’s
interior and to estimate the size and depth of the
core and mantle.

Earth’s inner core is probably made up of iron and
nickel, whereas the outer core is mostly iron with
10-20% other substances.

Peridotite is the most likely rock making up Earth’s
mantle.

Oceanic crust is composed of basalt and gabbro,
whereas continental crust has an overall composi-
tion similar to granite. The Moho is the boundary
between the crust and the mantle.

The geothermal gradient of 25°C/km cannot con-
tinue to great depths; within the mantle and core it
is probably about 1°C/km. The temperature at
Earth’s center is estimated to be 6500°C.

magnitude (p. 208)
Modified Mercalli Intensity Scale
(p. 207)
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Mohorovi¢ic’ discontinuity reflection (p. 223) seismology (p. 199)

(Moho) (p. 225) refraction (p. 223) S-wave (p. 204)
P-wave (p. 203) Richter Magnitude Scale (p. 208) S-wave shadow zone (p. 224)
P-wave shadow zone (p. 224) seismograph (p. 199) tsunami (p. 211)

Rayleigh wave (R-wave) (p. 204)

Review Questions

1. Most earthquakes take place in the
a. spreading-ridge zone; b.
Mediterranean—Asiatic belt; c. rifts in
continental interiors; d. circum-Pacific
belt; e. Appalachian fault zone.

2. A P-wave is one in which
a. movement is perpendicular to the
direction of wave travel; b. Earth’s sur-
face moves as a series of waves; c. ma-
terials move forward and back along a line in
the same direction that the wave moves;

d. large waves crash onto a shoreline
following a submarine earthquake;
e. movement at the surface is similar to

movement in water waves.

3. With few exceptions, the most damaging
earthquakes are
a. deep focus; b. caused by vol-
canic eruptions; c. those with Richter
magnitudes of about 2; d. shallow
focus; e. those that occur along spread-
ing ridges.

4. A tsunami is a(n)
a. part of a fault with a seismic gap;
b. precursor to an earthquake;
c. seismic sea wave; d. particu-
larly large and destructive earthquake;
e. earthquake with a focal depth
exceeding 300 km.

5. A qualitative assessment of the damage done
by an earthquake is expressed by

a. intensity; b. dilatancy;
c. seismicity; d. magnitude;
e. liquefaction.
6. It would take about earthquakes with a

Richter magnitude of 3 to equal the energy
released in one earthquake with a magnitude

of 6.

o 9; b. 2,000,000;

c.__ 27.000;d. ____ 30ie._____ 250.
7. An earthquake’s epicenter is

a. _____ usually in the lower part of the man-

tle; b. __ a point on the surface directly

10.

11.

12.

13.

14.

15.

16.

17.

18.

above the focus; c. determined by ana-
lyzing surface wave arrival times at seismic
stations; d. a measure of the energy
released during an earthquake; e. the
damage corresponding to a value of IV on the
Modified Mercalli Intensity Scale.

The seismic discontinuity at the base of the
crust is known as the

a._____ transition zone; b. ____ magnetic
reflection point; c. low-velocity zone;

d. Moho; e. high-velocity zone.
The geothermal gradient is Earth’s

a. capacity to reflect and refract seis-
mic waves; b most destructive aspect of
earthquakes; c. temperature increase
with depth; d. ___ average rate of seismic
wave velocity in the mantle; e. ___ elastic

rebound potential.

Oceanic crust is composed of

a. granite and gabbro; b.

peridotite and gabbro; c. granite and
peridotite; d. peridotite and basalt;
e. basalt and gabbro.

Why are structures built on solid bedrock
usually damaged less during an earthquake
than those built on unconsolidated material?
What are precursors, and how can they be
used to predict earthquakes?

What are the differences between intensity
and magnitude?

Describe the composition, density, and depth
of Earth’s core, mantle, and crust.

What accounts for the various seismic
discontinuities found with the mantle?

How does the elastic rebound theory account
for energy released during an earthquake?
How would P- and S-waves behave if Earth
were completely solid and had the same com-
position and density throughout?

Discuss why insurance companies use the
qualitative Modified Mercalli Intensity Scale
instead of the quantitative Richter Magnitude
Scale in classifying earthquakes.
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19. From the arrival times of P- and S-waves 20. Use the graph in Figure 8.13 to answer this
shown in the accompanying chart and the question. A seismograph in Berkeley, Califor-
graph in Figure 8.10c, calculate how far away nia, records the arrival time of an earth-
from each seismograph station the quake’s P-waves as 6:59:54 p.M. and the
earthquake occurred. How would you deter- S-waves as 7:00:02 P.M. The maximum am-
mine the epicenter of this earthquake? plitude of the S-waves as recorded on the

. . . . seismogram was 75 mm. What was the mag-
Arrival Time Arrival Time of .
nitude of the earthquake, and how far away
of P-Wave S-Wave L
from Berkeley did it occur?
Station A: 2:59:03 PV 3:04:03 .M.
Station B: 2:51:16 PM. 3:01:16 Pm.
Station C: 2:48:25 .M. 2:55:55 Pm.

World Wide Web Activities

@ Assess your understanding of this as well as current and up-to-date weblinks, additional
chapter’s topics with additional quizzing and compre- readings, and InfoTrac College Edition exercises.

hensive interactivities at

hitp://earthscience.brookscole.com/changingearth4e
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What Are Continental Margins?
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Deep Seafloor

Reefs
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Resources from the Sea
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Geology=Now  This icon, which appears throughout the book, in-
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http://earthscience.brookscole.com/changingearth4e.

Pillow lava on the Mid-Atlantic Ridge. Much of the upper part of the
oceanic crust is made up of pillow lava and sheet flow. Source: Ralph
White/Corbis

OBJECTIVES

At the end of this chapter,
you will have learned that:

® Scientists use echo sounding, seis-
mic profiling, sampling, and obser-
vations from submersibles to study
the largely hidden seafloor.
Oceanic crust is thinner and compo-
sitionally less complex than conti-
nental crust.
The margins of continents consist of
a continental shelf and slope and in
some cases a continental rise with
adjacent abyssal plains. The ele-
ments that make up a continental
margin depend on the geologic
activity that takes place in these
marginal areas.
Although the seafloor is flat and fea-
tureless in some places, it also has
ridges, trenches, seamounts, and
other features.
Geologic activities at or near diver-
gent and convergent plate bound-
aries account for distinctive seafloor
features such as submarine volca-
noes and deep-sea trenches.
Most seafloor sediment comes from
the weathering and erosion of conti-
nents and oceanic islands and from
the shells of tiny marine organisms.
Organisms in warm, shallow seas
build wave-resistant structures
known as reefs.
Several important resources such as
common salt come from seawater,
and hydrocarbons are found in some
seafloor sediments.
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ccording to two dialogues written in about

350 B.C. by the Greek philosopher Plato,

there was a huge continent called Atlantis

in the Atlantic Ocean west of the Pillars of
Hercules, or what we now call the Strait of Gibraltar (M Fig-
ure 9.1). According to Plato’s account, Atlantis controlled a
large area extending as far east as Egypt. Yet despite its vast
wealth, advanced technology, and large army and navy,
Atlantis was defeated in war by Athens. Following the con-
quest of Atlantis,

there were violent earthquakes and floods and one
terrible day and night came when . . . Atlantis . . .
disappeared beneath the sea. And for this reason
even now the sea there has become unnavigable
and unsearchable, blocked as it is by the mud shal-
lows which the island produced as it sank.*

No “mud shallows” exist in the Atlantic, as Plato asserted. In
fact, no geologic evidence indicates that Atlantis ever
existed, so why has the legend persisted for so long?

One reason is that sensational stories of lost civilizations
are popular, but another is that until recently no one had
much knowledge of what lies beneath the oceans. Much of
the seafloor is a hidden domain, so myths and legends were
widely accepted. The most basic observation we can make
about Earth is that it has vast water-covered areas and conti-
nents, which at first glance might seem to be nothing more

M Figure 9.1

According to Plato, Atlantis was a continent west of the Pillars of
Hercules, now called the Strait of Gibraltar. In this map from
Anthanasium Kircher's Mundus Subterraneus (1664), north is toward
the bottom of the map. The Strait of Gibraltar is the narrow area
between Hispania (Spain) and Africa.

*From the Timaeus, quoted in E. W. Ramage, Ed., Atlantis: Fact or Fic-
tion? (Bloomington: Indiana University Press, 1978), p. 13.

than parts of the planet not covered by water. Nevertheless,
the continents and the ocean basins are very different.

Continental crust is thicker and less dense than oceanic
crust. Oceanic crust is composed of basalt and gabbro,
whereas continental crust is made up of all rock types, al-
though its overall composition compares closely to granite.
Oceanic crust is produced continuously at spreading ridges
and consumed at subduction zones, so none of it is very old,
geologically speaking (see Chapter 2). The oldest oceanic
crust is about 180 million years old, but the age of rocks on
continents varies from recent to 3.96 billion years.

One important reason to study the seafloor is that it
makes up the largest part of Earth’s surface (M Figure 9.2).
Despite the commonly held misconception that the seafloor is
flat and featureless, its topography is as varied as that of the
continents. Furthermore, many seafloor features as well as sev-
eral aspects of the oceanic crust provide important evidence
for plate tectonic theory (see Chapter 2). And finally, natural re-
sources are found on the marginal parts of continents, in sea-
water, and on the seafloor.

As we begin our investigation of the seafloor, you
should be aware that our discussion focuses on (1) the physi-
cal attributes and composition of the oceanic crust, (2) the
composition and distribution of seafloor sediments,
(3) seafloor topography, and (4) the origin and evolution of
the continental margins. Oceanographers study these topics
too, but they also study the chemistry and physics of seawa-
ter as well as oceanic circulation patterns and marine biol-
ogy. We should also point out that whereas the oceans and
their marginal seas (Figure 9.2) are largely underlain by
oceanic crust, the same is not true of the Dead Sea, Salton
Sea, and Caspian Sea; these are actually saline lakes on the
continents.

EXPLORING THE OCEANS

n interconnected body of saltwater that we

call oceans and seas covers 71% of Earth’s

surface. Nevertheless, this world ocean has
areas distinct enough for us to recognize the Pacific, At-
lantic, Indian, and Arctic Oceans. The term ocean refers
to these large areas of saltwater, whereas sea designates
a smaller body of water, usually a marginal part of an
ocean (Figure 9.2).

During most of historic time, people knew little of
the oceans, and until recently they thought the
seafloor was a vast, featureless plain. In fact, through
most of this time the seafloor, in one sense, was more
remote than the Moon’s surface because it could not
be observed.
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A map of the four major oceans and many of the world's seas,
which are marginal parts of oceans.

Early Exploration

The ancient Greeks had determined Earth’s size and
shape rather accurately, but western Europeans were
not aware of the vastness of the oceans until the 1400s
and 1500s, when explorers sought trade routes to the
Indies. Even when Christopher Columbus set sail on
August 3, 1492, in an effort to find a route to the In-
dies, he greatly underestimated the width of the Atlantic
Ocean. Contrary to popular belief, he was not attempt-
ing to demonstrate Earth’s spherical shape; its shape
was well accepted by then. The controversy was over
Earth’s circumference and the shortest route to China;
on these points, Columbus’s critics were correct.

*Excludes adjacent seas, such as the Caribbean Sea and Sea of Japan,
which are marginal parts of oceans.

These and similar voyages added considerably to the
growing body of knowledge about the oceans, but truly
scientific investigations did not begin until the late
1700s. At that time Great Britain was the dominant mar-
itime power, and to maintain that dominance the British
sought to increase their knowledge of the oceans. So,
scientific voyages led by Captain James Cook were
launched in 1768, 1772, and 1777. From 1831 until
1836, the HMS Beagle sailed the seas. Aboard was
Charles Darwin, who is well known for his views of or-
ganic evolution but who also proposed a theory on the
evolution of coral reefs. In 1872, the converted British
warship HMS Challenger began a four-year voyage to
sample seawater, determine oceanic depths, collect
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samples of seafloor sediment and rock, and name and
classify thousands of species of marine organisms.

During these voyages many oceanic islands previ-
ously unknown to Europeans were visited. And even
though exploration of the oceans was still limited, it was
becoming increasingly apparent that the seafloor was
not flat and featureless as formerly believed. Indeed, sci-
entists discovered that the seafloor has varied topogra-
phy just as continents do, and they recognized such
features as oceanic trenches, submarine ridges, broad
plateaus, hills, and vast plains.

How Are Oceans Explored Today?

Measuring the length of a weighted line lowered to the
seafloor was the first method for determining ocean
depths. Now scientists use an instrument called an echo
sounder, which detects sound waves that travel from a
ship to the seafloor and back (M Figure 9.3). Depth is cal-
culated by knowing the velocity of sound in water and the
time required for the waves to reach the seafloor and re-
turn to the ship, thus yielding a continuous profile of
seafloor depths along the ship’s route. Seismic profiling
is similar to echo sounding but even more useful. Strong
waves from an energy source reflect from the seafloor, and
some of the waves penetrate seafloor layers and reflect
from various horizons back to the surface (Figure 9.3).
Seismic profiling is particularly useful for mapping the
structure of the oceanic crust where it is buried beneath
seafloor sediments.

The Deep Sea Drilling Project, an international pro-
gram sponsored by several oceanographic institutions,

Sound
source

Echo
sounding

Seismic
reflection

Ocean floor

Sub-bottom sedimentary layers

began in 1968. Its first research vessel, the Glomar
Challenger, could drill in water more than 6000 m deep
and recover long cores of seafloor sediment and oceanic
crust. The Glomar Challenger drilled more than 1000
holes in the seafloor during the 15 years of the program.
The Deep Sea Drilling Project ended in 1983, but be-
ginning in 1985 the Ocean Drilling Program with its re-
search vessel the JOIDES* Resolution continued to
explore the seafloor (M Figure 9.4a). Research vessels also
sample the seafloor using clamshell samplers and piston cor-
ers (M Figure 9.5).

In addition to surface vessels, submersibles are now
important vehicles for seafloor exploration. Some, such
as the Argo, are remotely controlled and towed by a sur-
face vessel. In 1985 the Argo, equipped with sonar and
television systems, provided the first views of the British
ocean liner HMS Titanic since it sank in 1912. The U.S.
Geological Survey uses a towed device with sonar to pro-
duce seafloor images resembling aerial photographs. Sci-
entists aboard submersibles such as Alvin (Figure 9.4b)
have descended to the seafloor in many areas to make
observations and collect samples.

Scientific investigations have yielded important in-
formation about the oceans for more than 200 years,
but much of our current knowledge has been acquired
since World War IT (1939-1945). This is particularly
true of the seafloor because only in recent decades has
instrumentation been available to study this largely hid-
den domain.

*JOIDES is an acronym for Joint Oceanographic Institutions for Deep
Earth Sampling.

Hydrophone

M Figure 9.3

Diagram showing how echo sounding and
seismic profiling are used to study the
seafloor. Some of the energy generated at
the energy source is reflected from various
horizons back to the surface, where it is
detected by hydrophones.
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(b)
M Figure 9.4

Oceanographic research vessels.
(b) The submersible Alvin is
used for observing and sampling the deep seafloor.

OCEANIC CRUST—
ITS STRUCTURE
AND COMPOSITION

e have mentioned that oceanic crust is

composed of basalt and gabbro and is

generated continuously at spreading
ridges. Of course, drilling into the oceanic crust pro-
vides some details about its composition and structure,
but it has never been completely penetrated and sam-
pled. So how do we know what it is composed of and
how it varies with depth? Actually, even before it was
sampled and observed, these details were known.

M Figure 9.5

Sampling the seafloor. (a) A clamshell sampler taking a seafloor
sample. (b) A piston corer falls to the seafloor, penetrates the
sediment, and then is retrieved.

Remember that oceanic crust is consumed at sub-
duction zones and thus most of it is recycled, but a small
amount is found in mountain ranges on land where it
was emplaced by moving along large fractures called
thrust faults (faults are discussed more fully in Chapter
10). These preserved slivers of oceanic crust along with
part of the underlying upper mantle are known as ophi-
olites. Detailed studies reveal that an ideal ophiolite
consists of deep-sea sedimentary rocks underlain by
rocks of the upper oceanic crust, especially pillow lava
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What Would You Do

As the only person in your community with any geologic
training, you are often called onto explain local
geologic features and identify fossils. Several school
children on a natural history field trip picked up some
rocks that you recognize as peridotite. When you visit
the site where the rocks, were collected, you also notice
some pillow lava in the area and what appear to be
dikes composed of basalt. What other rock types might
you expect to find here? How would you explain (1) the
association of these rocks with one another, and (2) how
they came to be on land?

and sheet lava flows (see the chapter opening photo
and M Figure 9.6). Proceeding downward in an ophiolite
is a sheeted dike complex, consisting of vertical basaltic
dikes, and then massive gabbro and layered gabbro that
probably formed in the upper part of a magma chamber.
And finally, the lowermost unit is peridotite from the
upper mantle; this is sometimes altered by metamorphism
to a greenish rock known as serpentinite. Thus, a com-
plete ophiolite consists of deep-sea sedimentary rocks un-
derlain by rocks of the oceanic crust and upper mantle
(Figure 9.6).

Sampling and drilling at oceanic ridges reveal that
oceanic crust is indeed made up of pillow lava and sheet
lava flows underlain by a sheeted dike complex, just as
predicted from studies of ophiolites. But it was not until
1989 that a submersible carrying scientists descended
to the walls of a seafloor fracture in the North Atlantic
and verified what lay below the sheeted dike complex.
Just as expected, the lower oceanic crust consists of gab-
bro and the upper mantle is made up of peridotite.
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WHAT ARE CONTINENTAL
MARGINS?

n the Introduction we made the point that conti-

nents are not simply areas above sea level, although

most people perceive of continents as land areas
outlined by the oceans. The true geologic margin of a
continent—that is, where granitic continental crust
changes to oceanic crust composed of basalt and gab-
bro—is below sea level. Accordingly, the margins of con-
tinents are submerged, and we recognize continental
margins as separating the part of a continent above sea
level from the deep seafloor.

A continental margin is made up of a gently sloping
continental shelf, a more steeply inclined continental
slope, and in some cases, a deeper, gently sloping conti-
nental rise (M Figure 9.7). Seaward of the continental mar-
gin lies the deep ocean basin. Thus, the continental
margins extend to increasingly greater depths until they
merge with the deep seafloor. Continental crust changes to
oceanic crust somewhere beneath the continental rise, so
part of the continental slope and the continental rise actu-
ally rest on oceanic crust.

The Continental Shelf

As one proceeds seaward from the shoreline across
the continental margin, the first area encountered is a
gently sloping continental shelf lying between the
shore and the more steeply dipping continental slope
(Figure 9.7). The width of the continental shelf varies
considerably, ranging from a few tens of meters to more
than 1000 km; the shelf terminates where the inclina-
tion of the seafloor increases abruptly from 1 degree or
less to several degrees. The outer margin of the conti-
nental shelf, or simply the shelfslope break, is at an av-
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Oceanic crust consisting of the layers
shown here forms as magma rises
beneath oceanic ridges. Fragments of
oceanic crust and upper mantle on land
are known as ophiolites.
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greatly exaggerated because the vertical and horizontal scales differ.

erage depth of 135 m, so by oceanic standards the con-
tinental shelves are covered by shallow water.

At times during the Pleistocene Epoch (1.6 million
to 10,000 years ago), sea level was as much as 130 m
lower than it is now. As a result, the continental shelves
were above sea level and were areas of stream channel
and floodplain deposition. In addition, in many parts of
northern Europe and North America, glaciers extended
well out onto the continental shelves and deposited
gravel, sand, and mud. Since the Pleistocene ended, sea
level has risen, submerging these deposits, which are
now being reworked by marine processes. Evidence that
these sediments were in fact deposited on land includes
remains of human settlements and fossils of a variety of
land-dwelling animals (see Chapter 23).

The Continental Slope and Rise

The seaward margin of the continental shelf is marked
by the shelf-slope break (at an average depth of 135 m),
where the more steeply inclined continental slope be-
gins (Figure 9.7). In most areas around the margins of
the Atlantic, the continental slope merges with a more
gently sloping continental rise. This rise is absent around
the margins of the Pacific where continental slopes de-
scend directly into an oceanic trench (Figure 9.7).

The shelf—slope break, marking the boundary be-
tween the shelf and slope, is an important feature in
terms of sediment transport and deposition. Landward
of the break—that is, on the shelf—sediments are af-
fected by waves and tidal currents, but these processes
have no effect on sediments seaward of the break, where
gravity is responsible for their transport and deposition
on the slope and rise. In fact, much of the land-derived
sediment crosses the shelves and is eventually deposited
on the continental slopes and rises, where more than

70% of all sediments in the oceans are found. Much of
this sediment is transported through submarine canyons
by turbidity currents.

Submarine Canyons, Turbidity
Currents, and Submarine Fans

In Chapter 6, we discussed the origin of graded bed-
ding, most of which results from turbidity currents,
underwater flows of sediment—water mixtures with den-
sities greater than sediment-free water. As a turbidity
current flows onto the relatively flat seafloor, it slows
and begins depositing sediment, the largest particles
first, followed by progressively smaller particles, thus
forming a layer with graded bedding (see Figure 6.23).
Deposition by turbidity currents yields a series of over-
lapping submarine fans, which constitute a large part
of the continental rise (M Figure 9.8). Submarine fans
are distinctive features, but their outer margins are diffi-
cult to discern because they grade into deposits of the
deep-ocean basin.

No one has ever observed a turbidity current in
progress in the oceans, so for many years some doubted
their existence; however, in 1971 abnormally turbid
water was sampled just above the seafloor in the North
Atlantic, indicating that a turbidity current had recently
occurred. In addition, seafloor samples from many areas
show a succession of layers with graded bedding and the
remains of shallow-water organisms that were displaced
into deeper water by turbidity currents (Figure 9.8).

Perhaps the most compelling evidence for turbidity
currents is the pattern of trans-Atlantic cable breaks that
took place in the North Atlantic near Newfoundland on
November 18, 1929. Initially, an earthquake was as-
sumed to have ruptured telephone and telegraph cables.
However, whereas the breaks on the continental shelf
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(a) Much of the continental rise is made up of submarine fans deposited by turbidity currents that moved through submarine canyons. (b) Submarine
cable breaks caused by a turbidity current south of Newfoundland in 1929. The profile labeled “No vertical exaggeration” shows what the seafloor
actually looks like in this area. (c) The propeller of a submarine caused this turbidity current that flowed down a slope near Jamaica.

near the epicenter occurred when the earthquake
struck, cables farther seaward were broken later and in
succession (Figure 9.8b). The last cable to break was
720 km from the source of the earthquake, and it did
not snap until 13 hours after the first break. In 1949,
geologists realized that an earthquake-generated turbid-
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ity current had moved downslope, breaking the cables in
succession. The precise time at which each cable broke
was known, so calculating the velocity of the turbidity
current was simple. It moved at about 80 km/hr on the
continental slope, but slowed to about 27 km/hr when it
reached the continental rise.

Society for Sedimentary Geology/NOAA
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Active and passive continental margins along the west and east coasts of South America. Notice that passive continental margins are much

wider than active ones. Seafloor sediment is not shown.

Deep, steep-sided submarine canyons are present
on continental shelves, but they are best developed on
continental slopes (Figure 9.8a). Some submarine
canyons extend across the shelf to rivers on land; they
apparently formed as river valleys when sea level was
lower during the Pleistocene. However, many have no
such association, and some extend far deeper than can
be accounted for by river erosion during times of lower
sea level. Scientists know that strong currents move
through submarine canyons. Turbidity currents periodi-
cally move through these canyons and are now thought
to be the primary agent responsible for their erosion.

Types of Continental Margins

Continental margins are active or passive, depending on
their relationship to plate boundaries. An active conti-
nental margin develops at the leading edge of a conti-
nental plate where oceanic lithosphere is subducted.
The western margin of South America is a good example
(M Figure 9.9). Here, an oceanic plate is subducted be-
neath the continent, resulting in seismic activity, a geologi-
cally young mountain range, and active volcanism. In
addition, the continental shelf is narrow, and the continen-
tal slope descends directly into the Peru—Chile Trench, so
sediment is dumped into the trench and no continental rise
develops. The western margin of North America is also con-
sidered an active continental margin, although much of it
is now bounded by transform faults rather than a subduc-
tion zone. However, plate convergence and subduction still
take place in the Pacific Northwest along the continental
margins of northern California, Oregon, and Washington.

The continental margins of eastern North America
and South America differ considerably from their west-
ern margins. For one thing, they possess broad continen-
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tal shelves as well as a continental slope and rise; also,
vast, flat abyssal plains are present adjacent to the rises
(M Figure 9.9). Furthermore, these passive continental
margins are within a plate rather than at a plate boundary,
and they lack the typical volcanic and seismic activity found
at active continental margins. Nevertheless, earthquakes
do take place occasionally at these margins.

Active and passive continental margins share some
features, but they are notably different in the widths of
their continental shelves, and active margins have an
oceanic trench but no continental rise. Why the differ-
ences? At both types of continental margins, turbidity
currents transport sediment into deeper water. At passive
margins, the sediment forms a series of overlapping sub-
marine fans and thus develops a continental rise,
whereas at an active margin, sediment is simply dumped
into the trench and no rise forms. The proximity of a
trench to a continent also explains why the continental
shelves of active margins are so narrow. In contrast, land-
derived sedimentary deposits at passive margins have
built a broad platform extending far out into the ocean.

WHAT FEATURES
ARE FOUND IN THE
DEEP-OCEAN BASINS?

ost of the seafloor, with an average depth
of 3.8 km, lies far below the depth of sun-
light penetration, which is generally less
than 100 m. Accordingly, most of the seafloor is com-
pletely dark, no plant life exists, the temperature is just
above freezing, and the pressure varies from 200 to
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more than 1000 atmospheres depending on depth. In
fact, biologic productivity is low on the deep seafloor
with the exception of hydrothermal vent communities
(discussed later).

Scientists have descended to the greatest oceanic
depths, submarine ridges, and elsewhere in sub-
mersibles, so they have observed some of the seafloor.
Nevertheless, much of the seafloor has been studied
only by echo sounding, seismic profiling, sampling of
seafloor sediments and oceanic crust, and remotely con-
trolled submersibles. Oceanographers are developing a
more thorough understanding of the oceans and the
deep seafloor, and they now know of many deep-ocean
features such as vast plains, trenches, and ridges.

Abyssal Plains

Beyond the continental rises of passive continental
margins are abyssal plains, flat surfaces covering vast
areas of the seafloor. In some areas they are inter-
rupted by peaks rising more than 1 km, but abyssal
plains are nevertheless the flattest, most featureless
areas on Earth (Figure 9.10). Their flatness is a result
of sediment deposition covering the rugged topogra-
phy of the seafloor.
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Abyssal plains are invariably found adjacent to conti-
nental rises, which are composed mostly of overlapping
submarine fans. Along active continental margins, sedi-
ments derived from the shelf and slope are trapped in an
oceanic trench, and abyssal plains fail to develop. Accord-
ingly, abyssal plains are common in the Atlantic Ocean
basin but rare in the Pacific Ocean basin (Figure 9.10).

Oceanic Trenches

Long, steep-sided depressions on the seafloor near con-
vergent plate boundaries, or simply oceanic trenches,
constitute no more than 2% of the seafloor, but they are
important features because it is here that lithospheric
plates are consumed by subduction (see Chapter 2). Be-
cause oceanic trenches are found along active continen-
tal margins, they are common in the Pacific Ocean
basin but largely lacking in the Atlantic, those in the
Caribbean being notable exceptions (Figure 9.10). On
the landward sides of oceanic trenches, the continental
slope descends into them at up to 25 degrees, and many
have thick accumulations of sediments. The greatest
oceanic depths are found in these trenches; the Chal-
lenger Deep of the Marianas Trench in the Pacific is
more than 11,000 m deep!
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Sensitive instruments can detect the amount of heat
energy escaping from Earth’s interior by the phenome-
non of heat flow. As one might expect, heat flow is great-
est in areas of active or recently active volcanism. For
instance, higher-than-average heat flow takes place at
spreading ridges, but at subduction zones heat flow val-
ues are less than the average for Earth as a whole. It
seems that oceanic crust at oceanic trenches is cooler
and slightly denser than elsewhere.

Seismic activity also takes place at or near oceanic
trenches along planes dipping at about 45 degrees. In
Chapter 8 we discussed these inclined seismic zones
called Benioff zones (see Figure 8.5), where most of
Earth’s intermediate and deep earthquakes occur. Vol-
canism does not take place in trenches, but because
these are zones where oceanic lithosphere is subducted
beneath either oceanic or continental lithosphere, an ar-
cuate chain of volcanoes is found on the overriding plate
(Figure 9.9). The Aleutian Islands and the volcanoes
along the western margin of South America are good ex-
amples of such chains.

Oceanic Ridges

When the first submarine cable was laid between North
America and Europe during the late 1800s, a feature
called the Telegraph Plateau was discovered in the
North Atlantic. Using data from the 1925-27 voyage of
the German research vessel Meteor, scientists proposed
that the plateau was actually a continuous ridge extend-
ing the length of the Atlantic Ocean basin. Subsequent
investigations revealed that this conjecture was correct,
and we now call this feature the Mid-Atlantic Ridge
(Figure 9.10).

The Mid-Atlantic Ridge is more than 2000 km wide
and rises 2 to 2.5 km above the adjacent seafloor. Fur-
thermore, it is part of a much larger oceanic ridge sys-
tem of mostly submarine mountainous topography. This
system runs from the Arctic Ocean through the middle
of the Atlantic and curves around South Africa, where
the Indian Ridge continues into the Indian Ocean; the
Atlantic—Pacific Ridge extends eastward and a branch of
this, the East Pacific Rise, trends northeast until it
reaches the Gulf of California (Figure 9.10). The entire
system is at least 65,000 km long, far exceeding the
length of any mountain system on land. Oceanic ridges
are composed almost entirely of basalt and gabbro and
possess features produced by tensional forces. Moun-
tain ranges on land, in contrast, consist of igneous,
metamorphic, and sedimentary rocks, and they formed
when rocks were folded and fractured by compressive
forces (see Chapter 10).

Oceanic ridges are mostly below sea level, but they
rise above the sea in Iceland, the Azores, Easter Island,
and several other places. Of course, oceanic ridges are
the sites where new oceanic crust is generated and
plates diverge (see Chapter 2). The rate of plate diver-
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gence is important because it determines the cross-
sectional profile of a ridge. For example, the Mid-
Atlantic Ridge has a comparatively steep profile because
divergence is slow, allowing the new oceanic crust to
cool, shrink, and subside closer to the ridge crest than it
does in areas of faster divergence such as the East Pa-
cific Rise. A ridge may also have a rift along its crest that
opens in response to tension (M Figure 9.11a). A rift is
particularly obvious along the Mid-Atlantic Ridge, but it is
absent along parts of the East Pacific Rise. These rifts are
commonly 1 to 2 km deep and several kilometers wide.
They open as seafloor spreading takes place (discussed in
Chapter 2) and are characterized by shallow-focus earth-
quakes, basaltic volcanism, and high heat flow.

Even though most oceanographic research is still
done by echo sounding, seismic profiling, and seafloor
sampling, scientists have been making direct observa-
tions of oceanic ridges and their rifts since 1974. As part
of Project FAMOUS (French-American Mid-Ocean Un-
dersea Study), submersibles have descended to the
ridges and into their rifts in several areas. Researchers
have not seen any active volcanism, but they did see pil-
low lavas (see Figure 5.7), lava tubes, and sheet lava
flows, some of which formed very recently. In fact, on
return visits to a site, they have seen the effects of vol-
canism that occurred since their previous visit. And on
January 25, 1998, a submarine volcano began erupting
along the Juan de Fuca Ridge west of Oregon. Re-
searchers aboard submersibles have also observed hot
water being discharged from the seafloor at or near
ridges in submarine hydrothermal vents.

Submarine Hydrothermal Vents

Scientists first saw submarine hydrothermal vents on
the seafloor in 1979 when they descended about 2500
m to the Galapagos Rift in the eastern Pacific Ocean.
Since 1979, they have seen similar vents in several
other areas in the Pacific (Figure 9.11b), Atlantic, and
Sea of Japan. The vents are at or near spreading ridges
where cold seawater seeps through oceanic crust, is
heated by the hot rocks at depth, and then rises and dis-
charges into the seawater as plumes of hot water with
temperatures as high as 400°C. Many of the plumes are
black because dissolved minerals giving them the ap-
pearance of black smoke—hence the name black
smoker.

Submarine hydrothermal vents are interesting from
the biologic, geologic, and economic points of view. Near
the vents live communities of organisms, such as bacte-
ria, crabs, mussels, starfish, and tube worms, many of
which had never been seen before (Figure 9.11¢). No
sunlight is available, so the organisms in these commu-
nities depend on bacteria that oxidize sulfur compounds
for their ultimate source of nutrients. The vents are also
interesting because of their economic potential. The
heated seawater reacts with oceanic crust, transforming
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(a) Cross section of the Mid-Atlantic Ridge showing its central rift with moundlike accumulations of volcanic rocks, mostly pillow lava. (b) A
hydrothermal vent known as a black smoker at 2800 m on the East Pacific Rise. The plume of “black smoke” is hot water saturated with
dissolved minerals. (c) Several types of organisms, including these 1.5-m-long tube worms, live near black smokers.
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it into a metal-rich solution that discharges into seawa-
ter, and cools, precipitating iron, copper, and zinc sul-
fides and other minerals. A chimneylike vent forms that
eventually collapses and forms a mound of sediments
rich in the elements mentioned above.

Apparently the chimneys through which black
smokers discharge grow rapidly. A 10-m-high chimney
accidentally knocked over in 1991 by the submersible
Alvin grew to 6 m in just three months. Also in 1991 sci-
entists aboard Alvin saw the results of a submarine erup-
tion on the East Pacific Rise, which they missed by less
than two weeks. Fresh lava and ash covered the area as
well as the remains of tube worms killed during the
eruption. And in a nearby area, a new fissure opened in
the seafloor; by December 1993, a new hydrothermal
vent community had become well established.

In 2001 scientists announced another kind of
seafloor vent in the North Atlantic responsible for mas-
sive pillars and spires as tall as 60 m. Unlike the black
smokers, though, these vents are 14—15 km from spread-
ing ridges, and they consist of light-colored minerals that
were derived by chemical reaction between seawater and
minerals in the oceanic crust.

Seafloor Fractures

Oceanic ridges are not continuous features winding
without interruption around the globe. They abruptly
terminate where they are offset along fractures oriented
more or less at right angles to ridge axes (M Figure 9.12).
These large-scale fractures are hundreds of kilometers
long, although they are difficult to trace where they are
buried beneath seafloor sediments. Many geologists are
convinced that some geologic features on the continents
are best explained by the extension of these fractures into
continents.

Shallow-focus earthquakes take place along these
fractures, but only between the displaced ridge seg-
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Direction of
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N

Faults
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What Would You Do

Hydrothermal vents on the seafloor are known sites of
several metals of great importance to industrialized so-
cieties. Furthermore, it appears that these metals are
being deposited even now, so if we mine one area,
more of the same resources form elsewhere. Given
these conditions, it would seem that our problems of
diminishing resources are solved. So why not simply
mine the seafloor? Also, many chemical elements are
present in seawater. The technology exists to extract
elements such as gold, uranium, and others, so why not
do so?

ments. Furthermore, because ridges are higher than the
adjacent seafloor, the offset segments yield nearly verti-
cal escarpments 2 or 3 km high (Figure 9.12). The rea-
son oceanic ridges have so many fractures is that plate
divergence takes place irregularly on a sphere, resulting
in stresses that cause fracturing. We discussed these
fractures between offset ridge segments more fully in
Chapter 2, where they are termed transform faults.

Seamounts, Guyots,
and Aseismic Ridges

As noted, the seafloor is not a flat, featureless plain
except for the abyssal plains, and even these are un-
derlain by rugged topography. In fact, a large number
of volcanic hills, seamounts, and guyots rise above the
seafloor in all ocean basins, but they are particularly
abundant in the Pacific. All are of volcanic origin and
differ mostly in size. Seamounts rise more than 1 km
above the seafloor, and if flat topped, they are called

M Figure 9.12

Diagrammatic view of an oceanic ridge
offset along fractures. That part of a fracture
between displaced segments of the ridge
crest is known as a transform fault (see
Chapter 2).



246 CHAPTER 9  THE SEAFLOOR

Inactive sinking

volcano being eroded

at ocean surface

Active
volcanoes
Older, extinct — Older, extinct
volcanoes Spreading volcanoes
ridge
Sea level
. Magma \)
Lithosphere -— chagmbers
gl A
M Figure 9.13
The origin of seamounts (S) and
Asth h
sthenosphere G = guyot guyots (G). As a plate on which a

50 40 30 20 10 O 10 20 30

Age of ocean floor (millions of years)

guyots (M Figure 9.13). Guyots are volcanoes that
originally extended above sea level. However, as the
plate upon which they were situated continued to
move, they were carried away from a spreading ridge,
and as the oceanic crust cooled it descended to
greater depths. Thus, what was once an island slowly
sank beneath the sea, and as it did, wave erosion pro-
duced the typical flat-topped appearance (Figure
9.13). Many other volcanic features smaller than
seamounts exist on the seafloor, but they probably
originated in the same way. These so-called abyssal
hills average only about 250 m high.

Other common features in the ocean basins are
long, narrow ridges and broad plateaulike features ris-
ing as much as 2 to 3 km above the surrounding
seafloor. These are aseismic ridges, so called because
they lack seismic activity. A few of these ridges are prob-
ably small fragments separated from continents during
rifting and are referred to as microcontinents. The Jan
Mayen Ridge in the North Atlantic is probably a micro-
continent (Figure 9.10).

Most aseismic ridges form as a linear succession of
hot-spot volcanoes. These may develop at or near an
oceanic ridge, but each volcano so formed is carried lat-
erally with the plate upon which it originated. The net
result is a line of seamounts/guyots extending from an
oceanic ridge (Figure 9.13); the Walvis Ridge in the
South Atlantic is a good example (Figure 9.10). Aseis-
mic ridges also form over hot spots unrelated to ridges—
the Hawaiian—Emperor chain in the Pacific, for instance

(Figure 9.10).
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AND SEDIMENTS ON
THE DEEP SEAFLOOR

ediments on the deep seafloor are mostly fine

grained, consisting of silt- and clay-sized parti-

cles, because few processes transport sand and
gravel very far from land. Certainly icebergs carry sand
and gravel, and, in fact, a broad band of glacial-marine
sediment is adjacent to Antarctica and Greenland.
Floating vegetation might also carry large particles far
out to sea, but it contributes very little sediment to the
deep seafloor.

Most of the fine-grained sediment on the deep
seafloor is derived from (1) windblown dust and volcanic
ash from the continents and volcanic islands, and (2) the
shells of microscopic plants and animals that live in the
near-surface waters. Minor sources are chemical reac-
tions in seawater that yield manganese nodules found in
all ocean basins (M Figure 9.14) and cosmic dust. Re-
searchers think that as many as 40,000 metric tons of cos-
mic dust fall to Earth each year, but this is a trivial quantity
compared to the volume of sediment derived from the two
primary sources.

Most sediment on the deep seafloor is pelagic,
meaning that it settled from suspension far from land
(M Figure 9.15). Pelagic sediment is further characterized
as pelagic clay and ooze. Pelagic clay is brown or red and,
as its name implies, is composed of clay-sized particles



Institute of Oceanographic Sciences/Nerc/SPL/Photo Researchers, Inc.

REEFS

247

M Figure 9.14

(a) Manganese nodules on the seafloor.

from the continents or oceanic islands. Qoze, in contrast,
is made up mostly of tiny shells of marine organisms. Cal-
careous ooze consists primarily of calcium carbonate
(CaCOjy) skeletons of marine organisms such as
foraminifera, and siliceous ooze is composed of the silica
(SiO,) skeletons of such single-celled organisms such as
radiolarians (animals) and diatoms (plants).

REEFS

he term reef has a variety of meanings such as
shallowly submerged rocks that pose a hazard
to navigation, but here we restrict it to mean a
moundlike, wave-resistant structure composed of the
skeletons of marine organisms (see “Reefs: Rocks Made
by Organisms” on pages 248 and 249). Although com-
monly called coral reefs, they actually have a solid
framework composed of skeletons of corals and various
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mollusks, such as clams, and encrusting organisms, in-
cluding sponges and algae. Reefs are restricted to shal-
low, tropical seas where the water is clear and its
temperature does not fall below about 20°C. The depth
to which reefs grow, rarely more than 50 m, depends on
sunlight penetration because many of the corals rely on
symbiotic algae that must have sunlight for energy.
Reefs of many shapes are known, but most are one
of three basic varieties: fringing, barrier, and atoll. Fring-
ing reefs are solidly attached to the margins of an island
or continent. They have a rough, tablelike surface, are
as much as 1 km wide, and on their seaward side slope
steeply down to the seafloor. Barrier reefs are similar to
fringing reefs, except a lagoon separates them from the
mainland. The best-known barrier reef in the world is
the 2000-km-long Great Barrier Reef of Australia.
Circular to oval reefs surrounding a lagoon are
known as atolls. Atolls form around volcanic islands that
subside below sea level as the plate on which they rest is
carried progressively farther from an oceanic ridge. As
subsidence proceeds, the reef organisms construct the



Reefs: Rocks Made by Organisms
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Reefs are wave-resistant structures composed of the skeletons of corals, mollusks,
sponges, and encrusting algae. Most reefs are characterized as fringing, barrier, or atolls,
all of which actively grow in shallow, warm seawater where there is little or no influx of
detrital sediment, especially mud. Reef rock is a type of limestone that forms directly as a
solid, rather than

from sediment
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Three stages in the evolution of a reef. A fringing reef forms around a volcanic
island, but as the island is carried into deeper water on a moving plate, the
reef is separated from the island by a lagoon and becomes a barrier reef.
Continued plate movement carries the island into even deeper water. The
island disappears below sea level but the reef grows upward, forming an atoll.

[ ]
Underwater views of reefs in
the Red Sea (left) and in
Hawaii.

The white line of breaking
waves marks the site of a
barrier reef around
Rarotonga in the Cook
Islands in the Pacific
Ocean. The island is only
about 12 km long. @

Courtesy of Jeff and Dianna Monroe

Patrick Ward/Corbis



Courtesy of Geoffrey Playford

Douglas Faulkner/ Science Source/ Photo Researchers, Inc.

Reef
talus Reef core

Block diagram showing
the various environments
in a reef complex.

EERRTEE N ERENE This oval reef with a central lagoon in the Pacific

Ocean is an atoll. How does it differ from the reef
shown at the bottom of the previous page?

An ancient reef in Australia. You can see the reef
talus on the left side of the image sloping away from
the reef core, which has no layering. To the right of
the reef core are back-reef deposits, which show
horizontal bedding.

Reef flat
Back reef

Reef core Open sea Lagoon

\ \ Land
~ /

Talus

Fore-reef
slope

Reef barrier
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(a) A variety of sediments are present in the ocean basins, but most on the deep seafloor are pelagic clay and calcareous and siliceous ooze.
Common constituents of calcareous ooze are skeletons of (b) foraminifera (floating single-celled animals) and (c) coccolithophores (floating
single-celled plants), whereas siliceous ooze consists of skeletons of (d) radiolarians (single-celled floating animals) and (e) diatoms (single-
celled floating plants).

reef upward so that the living part of the reef remains in
shallow water. However, the island eventually subsides
below sea level, leaving a circular lagoon surrounded by
a more or less continuous reef. Atolls are particularly
common in the western Pacific Ocean basin. Many of
them began as fringing reefs, but as the plate they were
on was carried into deeper water, they evolved first to
barrier reefs and finally to atolls (see “Reefs: Rocks
Made by Organisms” on pages 248 and 249).

SEAWATER AND
SEAFLOOR RESOURCES

eawater contains many elements in solution,
some of which are extracted for various indus-
trial and domestic uses. Sodium chloride (table
salt) is produced by the evaporation of seawater, and a
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The Exclusive Economic Zone (EEZ), shown in dark blue, includes a vast area adjacent

to the United States and its possessions.

large proportion of the world’s magnesium comes from
seawater. Numerous other elements and compounds
can be extracted from seawater, but for many, such as
gold, the cost is prohibitive.

In addition to substances in seawater, deposits on
the seafloor or within seafloor sediments are becoming
increasingly important. Many of these potential re-
sources lie well beyond continental margins, so their
ownership is a political and legal problem that has not
yet been resolved.

Most nations bordering the ocean claim those resources
within their adjacent continental margin. The United States
by a presidential proclamation issued on March 10, 1983,
claims sovereign rights over an area designated the Exclu-
sive Economic Zone (EEZ) (M Figure 9.16). The EEZ ex-
tends seaward 200 nautical miles (371 km) from the coast and
includes areas adjacent to U.S. territories such as Guam,
American Samoa, Wake Island, and Puerto Rico. In short,
the United States claims rights to all resources within an
area about 1.7 times larger than its land area. A number of
other nations make similar claims.

For more Cengage Learning textbooks, visit www.cengagebrain.co.uk

Numerous resources are found
within the EEZ, some of which have been
exploited for many years. Sand and gravel
for construction are mined from the con-
tinental shelf in several areas, and about
17% of U.S. oil and natural gas produc-
tion comes from wells on the continental
shelf (W Figure 9.17). Ancient shelf de-
posits in the Persian Gulf region contain the
world’s largest reserves of oil.

A potential resource within the EEZ
is methane hydrate, consisting of single
methane molecules bound up in networks
formed by frozen water. These methane
hydrates are stable at water depths of
more than 500 m and near-freezing tem-
peratures. According to one estimate, the
carbon in these deposits is double that in
all coal, oil, and natural gas reserves.
However, no one knows yet whether
methane hydrates can be effectively re-
covered and used as an energy source. Ad-
ditionally, their contribution to global
warming must be assessed because a vol-
ume of methane 3000 times greater than
in the atmosphere is present in seafloor

Image not available due to copyright restrictions



Oceanic Circulation and Resources

from the Sea

arth's oceans are in con-
stant motion. Huge quanti-
ties of water circulate in
surface and deep currents
as water is transferred from one
part of an ocean basin to another.
The Gulf Stream and South Equato-
rial Current carry great quantities of
water toward the poles and have an
important modifying effect on cli-
mate. In addition to surface and
deep currents that carry water hori-
zontally, vertical circulation takes
place when upwelling slowly trans-
fers cold water from depth to the
surface and downwelling transfers
warm surface water to depth.
Upwelling is of more than acade-
mic interest. It not only transfers
water from depth to the surface but
also carries nutrients, especially ni-

trates and phosphate, into the zone
of sunlight penetration. Here these
nutrients sustain huge concentra-
tions of floating organisms, which in
turn support other organisms.
Other than the continental shelves
and areas adjacent to hydrothermal
vents on the seafloor, areas of up-
welling are the only parts of the
oceans where biological productiv-
ity is very high. In fact, they are so
productive that even though consti-
tuting less than 1% of the ocean
surface, they support more than
50% (by weight) of all fishes.
Scientists recognize three types
of upwelling, but only coastal up-
welling need concern us here.
Most coastal upwelling takes place
along the west coasts of Africa,
North America, and South Amer-

ica, although one notable excep-
tion is in the Indian Ocean. Coastal
upwelling involves movement of
water offshore, which is replaced
by water rising from depth (M Fig-
ure 1). Along the coast of Peru, for
example, the winds coupled with
the Coriolis effect* transport sur-
face water seaward, and cold,
nutrient-rich water rises to replace
it. This area is a major fishery, and

*The Coriolis effect is the apparent deflec-
tion of a moving object from its anticipated
course resulting from Earth’s rotation.
Oceanic currents are deflected clockwise in
the Northern Hemisphere and counter-
clockwise in the Southern Hemisphere.

deposits—and methane is 10 times more effective than
carbon dioxide as a greenhouse gas.

The manganese nodules previously discussed are an-
other potential seafloor resource (Figure 9.14). These
spherical objects are composed mostly of manganese
and iron oxides but also contain copper, nickel, and
cobalt. The United States, which must import most of

For more Cengage Learning textbooks, visit www.cengagebrain.co.uk

the manganese and cobalt it uses, is particularly inter-
ested in these nodules as a potential resource.

Other seafloor resources of interest include massive
sulfide deposits that form by submarine hydrothermal
activity at spreading ridges. These deposits containing
iron, copper, zinc, and other metals have been identified
within the EEZ at the Gorda Ridge off the coasts of Cal-
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Water moving offshore

due to Coriolis effect

|

Upwelling

M Figure 1

Wind from the north along the west coast of a continent coupled with the Coriolis effect
causes surface water to move offshore, resulting in upwelling of cold, nutrient-rich deep

water.

changes in the surface-water circu-
lation every three to seven years
adjacent to South America are as-
sociated with the onset of El Nifio,
a weather phenomenon with far-
reaching consequences.

Among the nutrients in
upwelling oceanic waters is consid-
erable phosphorus, an essential
element for animal and plant nutri-
tion. Although present in minute
quantities in many sedimentary
rocks, most commercial phosphorus
is derived from phosphorite, a sedi-

mentary rock with such phosphate-
rich minerals as fluorapatite
[Cag(PO,);F]. Areas of upwelling
along the outer margins of conti-
nental shelves are the depositional
sites of most of the so-called bed-
ded phosphorites, which are inter-
layered with carbonate rocks, chert,
shale, and sandstone. Vast deposits
in the Permian-aged Phosphoria
Formation of Montana, Wyoming,
and Idaho formed in this manner.
Upwelling accounts for most of
Earth’'s phosphate-rich sedimentary

rocks, but some forms by other
processes. In phosphatization, car-
bonate grains such as animal skele-
tons and ooids are replaced by
phosphate, and guano is made up of
calcium phosphate from bird or bat
excrement. Another type of phos-
phate deposit is essentially a placer
deposit where the skeletons of verte-
brate animals are found in large
numbers [vertebrate skeletons are
made up mostly of hydroxyapatite,
[Cag(PO,);0H]. The 3- to 15-million-
year-old Bone Valley Formation in
Florida is a good example.

The United States is the world
leader in production and consump-
tion of phosphate rock, most of it
coming from deposits in Florida and
North Carolina, but some is also
mined in Idaho and Utah. More than
90% of all phosphate rock mined in
this country is used to make chemi-
cal fertilizers and animal feed sup-
plements. It also has several other
uses in metallurgy, preserved foods,
ceramics, and matches.

@ Log into Geology-
Now and select this chapter to work
through Geology Interactive activities
on “World Currents,” (click Waves, Tides,
and Current—World Currents) and "El
Nino,” (click Weather and Climate—El
Nifo).

ifornia and Oregon; similar deposits occur at the Juan
de Fuca Ridge within the Canadian EEZ.

Within the EEZ, manganese nodules are found near
Johnston Island in the Pacific Ocean and on the Blake
Plateau off the east coast of South Carolina and Geor-
gia. In addition, seamounts and seamount chains within

For more Cengage Learning textbooks, visit www.cengagebrain.co.uk

the EEZ in the Pacific are known to have metalliferous
oxide crusts several centimeters thick from which cobalt
and manganese could be mined.

Another important resource found in shallow ma-
rine deposits is phosphate-rich sedimentary rock known
as phosphorite (see Geo-Focus 9.1).
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Chapter Summary

Scientific investigations of the oceans began more
than 200 years ago, but much of our knowledge
comes from studies done during the last few
decades.

Present-day research vessels are equipped to inves-
tigate the seafloor by sampling and drilling, echo
sounding, and seismic profiling. Scientists also use
submersibles in their studies.

Deep-sea drilling and observations on land and on

the seafloor confirm that oceanic crust is made up,
in descending order, of pillow lava/sheet lava flows,
sheeted dikes, and gabbro.

Continental margins consist of a gently sloping
continental shelf, a more steeply inclined continen-
tal slope, and in some cases a continental rise.

The width of continental shelves varies consider-
ably. They slope seaward to the shelf—slope break at
a depth averaging 135 m, where the seafloor slope
increases abruptly.

Submarine canyons, mostly on continental slopes,
carry huge quantities of sediment by turbidity cur-
rents into deeper water, where it is deposited as
overlapping submarine fans that make up a large
part of the continental rise.

Active continental margins at the leading edge of a
tectonic plate have a narrow shelf and a slope that
descends directly into an oceanic trench. Volcanism
and seismic activity also characterize these margins.

Passive continental margins lie within a tectonic
plate and have wide continental shelves, and the
slope merges with a continental rise that grades

For more Cengage Learning textbooks, visit www.cengagebrain.co.uk

into an abyssal plain. These margins show little
seismic activity and no volcanism.

Long, narrow oceanic trenches are found where
oceanic lithosphere is subducted beneath either
oceanic lithosphere or continental lithosphere. The
trenches are the sites of the greatest oceanic depths
and low heat flow.

Oceanic ridges are composed of volcanic rocks, and
many have a central rift caused by tensional forces.
Basaltic volcanism, hydrothermal vents, and shal-
low-focus earthquakes occur at ridges, which are
offset by fractures that cut across them.

Seamounts, guyots, and abyssal hills rising from the
seafloor are common features that differ mostly in
scale and shape. Many aseismic ridges on the seafloor
consist of chains of seamounts, guyots, or both.

Submarine hydrothermal vents known as black
smokers found at or near spreading ridges support
biologic communities and are potential sources of
several resources.

Moundlike, wave-resistant structures called reefs,
consisting of animal skeletons, are found in a vari-
ety of shapes, but most are classified as fringing
reefs, barrier reefs, or atolls.

Sediments called pelagic clay and ooze cover vast
areas of the seafloor.

The United States claims rights to all resources
within 200 nautical miles of its shorelines.
Resources including sand and gravel as well as met-
als are found within this Exclusive Economic Zone.
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Important Terms

Exclusive Economic Zone (EEZ)
(p. 251)

guyot (p. 246)

oceanic ridge (p. 243)

oceanic trench (p. 242)

ooze (p. 247)

ophiolite (p. 237)

passive continental margin

abyssal plain (p. 242)
active continental margin
(p. 241)
aseismic ridge (p. 246)
black smoker (p. 243)
continental margin (p. 238)
continental rise (p. 239)
continental shelf (p. 238)

pelagic clay (p. 246)

reef (p. 247)

seamount (p. 245)

seismic profiling (p. 236)

submarine canyon (p. 241)

submarine fan (p. 239)

submarine hydrothermal vent
(p. 243)

A flat-topped seamount rising more than 1
km above the seafloor is a(n)

a. guyot; b. reef; c. black
smoker; d. oceanic ridge; e.

mic plateau.

aseis-

For more Cengage Learning textbooks, visit www.cengagebrain.co.uk

continental slope (p. 239) (p. 241) turbidity current (p. 239)
Review Questions

An atoll is 7. Which one of the following is characteristic
a. a circular to oval reef enclosing a la- of an active continental margin?
goon; b. a type of deep-sea sediment a. wide continental shelf; b. conti-
made up of clay; c. found on the deep nental shelf merging with a continental rise;
seafloor adjacent to a black smoker; d. a c. seismic activity; d. vast abyssal
deposit composed of copper and zinc sulfides; plains; e. submarine hydrothermal vents.
e.____made up of sediment that settles from 8. Turbidity current deposits typically show
suspension far from land. a. graded bedding; b. a large com-
The greatest oceanic depths are found at ponent of siliceous ooze; c. many skele-
a. aseismic ridges; b. seamounts; tons of corals; d. sulfide minerals;
c. oceanic trenches; d. passive con- e. ophiolites.
tinental margins; e._____submarine canyons. 9. Which one of the following statements is in-
A large part of a continental rise consists of correct?
overlapping a. Most intermediate- and deep-focus
a. guyots; b. hydrothermal vents; earthquakes occur at active continental mar-
c. continental margins; d. abyssal gins; b. Submarine hydrothermal vents
plains; e. submarine fans. are found near spreading ridges;
The two types of sediment most common on c.__ Oceanic crust is made up of granite
the deep seafloor are and sandstone; d. Most continental mar-
a. gravel and limestone; b. pelagic gins around the Pacific are active;
clay and ooze; c. manganese nodules e. Pelagic clay covers much of the deep
and cosmic dust; d. reefs and sand; seafloor.
. seamounts and guyots. 10. A broad, flat area adjacent to the continental
The gently sloping part of the continental rise is called
margin adjacent to the continent is the conti- a.____ oceanic crust; b._____submarine
nental canyon; c. abyssal plain;
- slope; b. plain; c. profile; d. seamount; e. passive rise.
d. shelf; e. ridge. 11. Identify the types of continental margins in

Figure 9.7. What are the characteristics of
each?
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12.

13.

14.

15.

16.

Describe submarine canyons, and explain
how scientists think they form. Is there any
evidence to support their ideas?

Explain how a reef evolves from fringing to
barrier to an atoll.

How do mid-oceanic ridges form, and how do
they differ from mountain ranges on land?
Why are abyssal plains common around the
margins of the Atlantic but rare in the Pacific
Ocean basin?

How did geologists figure out the nature of
the upper mantle and oceanic crust even be-
fore they observed mantle and crust rocks in
the ocean basins?

17.

18.

19.

20.

What is calcareous ooze and pelagic clay, and
where are they found?

How are seismic profiling and echo sounding
used to study the seafloor?

The most distant part of a 30-million-year-old
aseismic ridge is 1000 km from an oceanic
ridge. How fast, on average, did the plate
with this ridge move in centimeters per year?
During the Pleistocene Epoch (Ice Age), sea
level was as much as 130 m lower than it is
today. What effect did this lower sea level
have on rivers? Is there any evidence from
continental shelves that might bear on this
question? If so, what?
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World Wide Web Activities

& Assess your understanding of this
chapter’s topics with additional quizzing and compre-
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Introduction
Rock Deformation—How Does It Occur?

GEOLOGY IN UNEXPECTED PLACES:
Ancient Ruins and Geology

Strike and Dip—The Orientation of
Deformed Rock Layers

Deformation and Geologic Structures
Deformation and the Origin of Mountains

GEO-FOCUS 10.1: Geologic Maps—Their
Construction and Uses

Earth’s Continental Crust

Geo-Recap

GEOWQV@NUW This icon, which appears throughout the book, in-
dicates an opportunity to explore interactive tutorials, animations, or
practice problems available on the GeologyNow website at
http://earthscience.brookscole.com/changingearth4e.

This sawed and polished specimen of the Moine Schist on display in the
Royal Museum in Edinburgh, Scotland, shows intense deformation.
Notice that many layers in the rock are intricately folded, and some lay-
ers have been displaced along small fractures. Source: Sue Monroe

OBJECTIVES

At the end of this chapter,
you will have learned that:

Rock deformation involves changes
in the shape or volume or both of

rocks in response to applied forces.

Geologists use several criteria to dif-
ferentiate among geologic structures

such as folds, joints, and faults.

Correctly interpreting geologic
structures is important in human
endeavors such as constructing high-
ways and dams, choosing sites for
power plants, and finding and

extracting some resources.

Deformation and the origin of geo-
logic structures are important in the

origin and evolution of mountains.

Most of Earth’s large mountain sys-
tems formed, and in some cases con-
tinue to form, at or near the three
types of convergent plate bound-

aries.

Terranes have special significance in

mountain building.

Earth’s continental crust, and espe-
cially mountains, stands higher than
adjacent crust because of its compo-

sition and thickness.
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olid as a rock” implies permanence and dura-
bility, but you know from earlier chapters that
physical and chemical processes disaggregate
and decompose rocks, and rocks behave very
differently at great depth than they do at or near Earth’s sur-
face. Indeed, under the tremendous pressures and high tem-
perature at several kilometers below the surface, rock layers
actually crumple or fold yet remain solid, and at shallower
depths they yield by fracturing or a combination of folding
and fracturing. In either case, dynamic forces within Earth
cause deformation, a
general term encom-
passing all changes in
the shape or volume
(or both) of rocks (see
the chapter opening
photo and M Figure
10.1).
The action of dy-
namic forces within
Earth is obvious from
ongoing seismic activ-
ity, volcanism, plate
movements, and the
continuing evolution
of mountains in South
America, Asia, and
elsewhere. In short,

(b)

M Figure 10.1

Many rocks show the effect of deformation. (a) Small-scale folds in
sedimentary rocks. The pen is 13.5 cm long. (b) These rocks have
been deformed by folding and fracturing. Notice the light pole for
scale. The nearly vertical fracture where light-colored rocks were
displaced is a fault, a fracture along which rocks on opposite sides
of the fracture have moved parallel with the fracture surface.

Earth is an active planet with a variety of processes driven by
internal heat, particularly plate movements; most of Earth’s
seismic activity, volcanism, and rock deformation take place
at divergent, convergent, and transform plate boundaries.

The origin of Earth’s truly large mountain ranges on the
continents involves tremendous deformation, usually accom-
panied by emplacement of plutons, volcanism, and meta-
morphism, at convergent plate boundaries. The
Appalachians of North America, the Alps in Europe, the Hi-
malayas of Asia, and the Andes in South America all owe
their existence to deformation at convergent plate bound-
aries. And in some cases this activity continues even now.
Thus, deformation and mountain building are closely related
topics and accordingly we consider both in this chapter.

The past and continuing evolution of continents involves
not only deformation at continental margins but also addi-
tions of new material to existing continents, a phenomenon
known as continental accretion (see Chapter 19). North
America, for instance, has not always had its present shape
and area. Indeed, it began evolving during the Archean Eon
(4.0-2.5 billion years ago) as new material was added to the
continent at deformation belts along its margins.

Much of this chapter is devoted to a review of geologic
structures, such as folded and fractured rock layers resulting
from deformation, their descriptive terminology, and the
forces responsible for them. Even so, there are several practi-
cal reasons to study deformation and mountain building. For
one thing, crumpled and fractured rock layers provide a
record of the kinds and intensities of forces that operated
during the past. Thus, interpretations of these structures allow
us to satisfy our curiosity about Earth history, and in addition
such studies are essential in engineering endeavors such as
choosing sites for dams, bridges, and nuclear power plants,
especially if they are in areas of ongoing deformation. Also,
many aspects of mining and exploration for petroleum and
natural gas rely on correctly identifying geologic structures.

ROCK DEFORMATION—
HOW DOES IT OCCUR?

e defined deformation as a general term

referring to changes in the shape or vol-

ume (or both) of rocks; that is, rocks may
be crumpled into folds or fractured as a result of stress,
which results from force applied to a given area of rock.
If the intensity of the stress is greater than the rock’s in-
ternal strength, the rock undergoes strain, which is sim-
ply deformation caused by stress. The terminology is a
little confusing at first, but keep in mind that deforma-
tion and strain are synonyms, and stress is the force that
causes deformation or strain. The following discussion
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three varieties: compression,

M Figure 10.2

Stress and strain exerted on an ice-covered pond. The vertical
object (a) has a density of 1 g/cm3 and a volume of 5000 cm3. The
area of the object on the ice is 100 cm?, so the stress exerted on
the ice is 50 g/cm?2. The object on its side (b) has an area of 500 cm?
in contact with the ice. Accordingly, the stress exerted on the ice is
only 10 g/cm?2.

and M Figure 10.2 will help clarify the meaning of stress
and the distinction between stress and strain.

Stress and Strain

Remember that stress is the
force applied to a given area
of rock, usually expressed in
kilograms per square cen-
timeter (kg/cm?). For exam-
ple, the stress, or force,
exerted by a person walking
on an ice-covered pond is a
function of the person’s D>
weight and the area beneath
her or his feet. The ice’s in-
ternal strength resists the
stress unless the stress is too
great, in which case the ice
may bend or crack as it is
strained (deformed). In Fig-

ure 10.2, we use a rectangu- «

lar object rather than a
person to simplify the calcu-
lations. To avoid breaking

tension, and shear, depending

on the direction of the applied

forces. In compression, rocks

or any other object are

squeezed or compressed by

forces directed toward one an-

other along the same line, as

when you squeeze a rubber ball in

your hand. Rock layers in compression

tend to be shortened in the direction of

stress by either folding or fracturing (M Fig-

ure 10.3a). Tension results from forces acting

along the same line but in opposite directions. Ten-

sion tends to lengthen rocks or pull them apart (Figure

10.3b). Incidentally, rocks are much stronger in compres-

sion than they are in tension. In shear stress, forces act

parallel to one another but in opposite directions, resulting

in deformation by displacement along closely spaced planes
(Figure 10.3c).

Types of Strain

Geologists characterize strain as elastic strain if de-
formed rocks return to their original shape when the de-
forming forces are relaxed. In Figure 10.2, the ice on
the pond may bend under a person’s weight but return
to its original shape once the person leaves. As you
might expect, rocks are not very elastic, but Earth’s

Compression

— | -

Y
-, —aEr-
(@)

Tension

¥

(b)
Shear

through the ice, the person

=

may lie down; this does not

reduce the total stress but it
does distribute it over a
larger area, thus reducing
the stress per unit area.
Although stress is force
per unit area, it comes in

M Figure 10.3

ﬂ%»
. ( B

-

c)

Stress and possible types of resulting deformation. (a) Compression causes shortening of rock
layers by folding or faulting. (b) Tension lengthens rock layers and causes faulting. (c) Shear stress
causes deformation by displacement along closely spaced planes.
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GEOLOGY
IN UNEXPECTED PLACES

Ancient Ruins and Geology

ncient Roman and Greek ruins

might not seem a good place to

study geology, but they do tell us

something about the use of stone
in construction and about stress and strain.
Stone is incredibly strong, but its strength
varies depending on how it is used. Remember
that it is stronger in compression than it is in
tension. Thus, when stones are used for a chim-
ney, for example, all stresses act vertically with
the lower stones supporting the weight of
those above. In other words, the stones are in
compression.

Given that stone is so strong, why did an-
cient Greek and Roman builders erect build-
ings in which horizontal beams are supported
by closely spaced vertical columns (M Figure 1)?
Wouldn't it have been more efficient to eliminate
every other column and save on both materials
and labor? The problem is the strength of stone
in compression versus tension. If the horizontal
beams spanned great distances, they would sim-
ply collapse under their own weight because a
stone beam is compressed on its upper side but
subjected to tension on its underside. The stress
on its top is about the same as on the bottom,

crust behaves elastically when loaded by glacial ice and
is depressed into the mantle.

As stress is applied, rocks respond first by elastic
strain, but when strained beyond their elastic limit, they
undergo plastic strain as when they yield by folding, or
they behave like brittle solids and fracture (M Figure
10.4). In either folding or fracturing, the strain is perma-
nent; that is, the rocks do not recover their original shape
or volume even if the stress is removed.

Whether strain is elastic, plastic, or fracture de-
pends on the kind of stress applied, pressure and tem-
perature, rock type, and the length of time rocks are

Jim Winkley/Econscene/Corbis

but the top contributes little to the beam’s overall
strength. So if used this way, tension fractures
would form on the bottom and travel upward to
the top, causing failure.

Ancient builders were aware of stone’s
strength, probably from trial and error, and ac-
cordingly used closely spaced columns to sup-
port horizontal beams. Builders today are
similarly restricted in the use of stone in com-
parable applications. Can you figure out why
simply doubling our hypothetical beam’s di-
mensions, other than its length, would not
solve the problem of spanning great distances
between columns?

M Figure 1

Ancient Greek ruins with closely spaced vertical
columns supporting horizontal beams.

subjected to stress. A small stress applied over a long pe-
riod, as on a mantelpiece supported only at its ends, will
cause the rock to sag; that is, the rock deforms plasti-
cally (Figure 10.4). By contrast, a large stress applied
rapidly to the same object, as when struck by a hammer,
results in fracture. Rock type is important because not
all rocks have the same internal strength and thus re-
spond to stress differently. Some rocks are ductile
whereas others are brittle, depending on the amount of
plastic strain they exhibit. Brittle rocks show little or no
plastic strain before they fracture, but ductile rocks ex-

hibit a great deal (Figure 10.4).
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Rocks initially respond to stress by elastic deformation and return to
their original shape when the stress is released. If the elastic limit is
exceeded as in curve A, rocks deform plastically, which is
permanent deformation. The amount of plastic deformation rocks
exhibit before fracturing depends on their ductility: if they are
ductile, they show considerable plastic deformation (curve A), but if
they are brittle, they show little or no plastic deformation before
failing by fracture (curve B).

Many rocks show the effects of plastic deformation
that must have taken place deep within the crust. At or
near the surface, rocks commonly behave like brittle
solids and fracture, but at depth they more often yield
by plastic deformation; they become more ductile with
increasing pressure and temperature. Most earthquake
foci are at depths of less than 30 km, indicating that de-
formation by fracturing becomes increasingly difficult
with depth and no fracturing is known deeper than
about 700 km.

(a)
M Figure 10.5

James S. Monroe

What Would You Do

The types of stresses as well as elastic versus plastic
strain might seem rather esoteric, but perhaps under-
standing these concepts has some practical
applications. What relevance do you think knowing
about stress and strain has to some professions, other
than geology, and what professions might these be?
Can you think of stresses and strain that we contend
with in our daily lives? As an example, what happens
when a car smashes into a tree?

STRIKE AND DIP—
THE ORIENTATION OF
DEFORMED ROCK LAYERS

uring the 1660s, Nicholas Steno, a Danish

anatomist, proposed several principles essen-

tial for deciphering Earth history from the
record preserved in rocks. One is the principle of origi-
nal horizontality, meaning that sediments accumulate
in horizontal or nearly horizontal layers. Thus, if we ob-
serve steeply inclined sedimentary rocks, we are justi-
fied in inferring that they were deposited nearly
horizontally, lithified, and then tilted into their present
position (M Figure 10.5). Rock layers deformed by fold-
ing, faulting, or both are no longer in their original posi-
tion, so geologists use strike and dip to describe their
orientation with respect to a horizontal plane.

(b)

(a) These rock layers in Valley of the Gods, Utah, are horizontal as when they were deposited and lithified. (b) We can infer that these
sandstone beds in Colorado were deposited horizontally, lithified, and then tilted into their present position.
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Strike and
dip symbol

Water
surface

M Figure 10.6

Strike and dip. The intersection of a horizontal plane (the water
surface) and an inclined plane (the surface of any of the rock layers)
forms a line known as strike. The dip of these layers is their
maximum angular deviation from horizontal. Notice the strike and
dip symbol with 50 adjacent to it indicating the angle of dip.

By definition strike is the direction of a line formed
by the intersection of a horizontal plane and an inclined
plane. The surfaces of the rock layers in B Figure 10.6
are good examples of inclined planes, whereas the water
surface is a horizontal plane. The direction of the line
formed at the intersection of these planes is the strike of
the rock layers. The strike line’s orientation is determined
by using a compass to measure its angle with respect to
north. Dip is a measure of an inclined plane’s deviation
from horizontal, so it must be measured at right angles to
strike direction (Figure 10.6).

Geologic maps showing the age, aerial distribution,
and geologic structures of rocks in an area use a special
symbol to indicate strike and dip. A long line oriented in
the appropriate direction indicates strike, and a short
line perpendicular to the strike line shows the direction
of dip (Figure 10.6). Adjacent to the strike and dip sym-
bol is a number corresponding to the dip angle. The use-
fulness of strike and dip symbols will become apparent
in the following sections on folds and faults.

DEFORMATION AND
GEOLOGIC STRUCTURES

emember that deformation and its synonym
strain refer to changes in the shape or volume
of rocks. During deformation rocks might be
crumpled into folds, or they might be fractured, or per-
haps folded and fractured. Any of these features result-
ing from deformation is referred to as a geologic

structure. Various geologic structures are present al-
most everywhere that rock exposures can be observed,
and many are detected far below the surface by drilling
and several geophysical techniques.

Folded Rock Layers

Geologic structures known as folds, in which planar
features are crumpled and bent, are quite common.
Compression is responsible for most folding, as when
you place your hands on a tablecloth and move them to-
ward one another, thereby producing a series of up- and
down-arches in the fabric. Rock layers in the crust re-
spond similarly to compression, but unlike the table-
cloth, folding in rock layers is permanent. That is,
plastic strain has taken place: so once folded, the rocks
stay folded. Most folding probably takes place deep in
the crust where rocks are more ductile than they are at
or near the surface. The configuration of folds and the
intensity of folding vary considerably, but only three
basic types of folds are recognized: monoclines, anti-
clines, and synclines.

Monoclines A simple bend or flexure in otherwise
horizontal or uniformly dipping rock layers is a mono-
cline (M Figure 10.7a). The large monocline in Figure
10.7b formed when the Bighorn Mountains in Wyoming
rose vertically along a fracture. The fracture did not pene-
trate to the surface, so as uplift of the mountains pro-
ceeded, the near-surface rocks were bent so that they now
appear to be draped over the margin of the uplifted block.
In a manner of speaking, a monocline is simply one half of
an anticline or syncline.

Anticlines and Synclines Monoclines are not rare,
but they are not nearly as common as anticlines and
synclines. An anticline is an uparched or convex up-
ward fold with the oldest rock layers in its core,
whereas a syncline is a down-arched or concave down-
ward fold in which the youngest rock layers are in its
core (M Figure 10.8). Anticlines and synclines have an
axial plane connecting the points of maximum curvature
of each folded layer (B Figure 10.9); the axial plane di-
vides folds into halves, each half being a limb. Because
folds are most often found in a series of anticlines alter-
nating with synclines, an anticline and adjacent syncline
share a limb. It is important to remember that anticlines
and synclines are simply folded rock layers and do not
necessarily correspond to high and low areas at the sur-
face (M Figure 10.10).

Folds are commonly exposed to view in areas of deep
erosion, but even where eroded, strike and dip and the
relative ages of the folded rock layers easily distinguish
anticlines from synclines. Notice in B Figure 10.11 that
in the surface view of the anticline, each limb dips outward
or away from the center of the fold, and the oldest exposed
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M Figure 10.7

Monocline

/

(b)

(a) A monocline. Notice the strike and dip symbol and the circled cross, which is the symbol for horizontal layers. (b) A monocline in the

Bighorn Mountains in Wyoming.

rocks are in the fold’s core. In an eroded syncline, though,
each limb dips inward toward the fold’s center, where the
youngest exposed rocks are found.

The folds described so far are upright, meaning that
their axial planes are vertical and both fold limbs dip at
the same angle (Figure 10.11). In many folds, though,
the axial plane is not vertical, the limbs dip at different
angles, and the folds are characterized as inclined (B Fig-
ure 10.12a). If both limbs dip in the same direction, the fold
is overturned. That is, one limb has been rotated more than
90 degrees from its original position so that it is now upside
down (Figure 10.12b). In some areas, deformation has been
so intense that axial planes of folds are now horizontal, giv-
ing rise to what geologists call recumbent folds (Figure
10.12¢). Overturned and recumbent folds are particularly
common in mountains resulting from compression at con-
vergent plate boundaries (discussed later in this chapter).

For upright folds, the distinction between anticlines
and synclines is straightforward, but interpreting com-
plex folds that have been tipped on their sides or turned
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completely upside down is more difficult. Can you de-
termine which of the two folds shown in Figure 10.12¢
is an anticline? Even if strike and dip symbols were
shown, you could still not resolve this question, but
knowing the relative