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Preface

About the Course

Environmental Geology Is Geology Applied
to Living

The environment is the sum of all the features and conditions
surrounding an organism that may influence it. An individual’s
physical environment encompasses rocks and soil, air and wa-
ter, such factors as light and temperature, and other organisms.
One’s social environment might include a network of family
and friends, a particular political system, and a set of social
customs that affect one’s behavior.

Geology is the study of the earth. Because the earth pro-
vides the basic physical environment in which we live, all of
geology might in one sense be regarded as environmental geol-
ogy. However, the term environmental geology is usually re-
stricted to refer particularly to geology as it relates directly to
human activities, and that is the focus of this book. Environ-
mental geology is geology applied to living. We will examine
how geologic processes and hazards influence human activities
(and sometimes the reverse), the geologic aspects of pollution
and waste-disposal problems, and several other topics.

Why Study Environmental Geology?

One reason for studying environmental geology might simply
be curiosity about the way the earth works, about the 7zow and
why of natural phenomena. Another reason is that we are in-
creasingly faced with environmental problems to be solved and
decisions to be made, and in many cases, an understanding of
one or more geologic processes is essential to finding an ap-
propriate solution.

Of course, many environmental problems cannot be fully
assessed and solved using geologic data alone. The problems
vary widely in size and in complexity. In a specific instance,
data from other branches of science (such as biology, chemistry,
or ecology), as well as economics, politics, social priorities, and
so on may have to be taken into account. Because a variety of
considerations may influence the choice of a solution, there is
frequently disagreement about which solution is “best.” Our
personal choices will often depend strongly on our beliefs about
which considerations are most important.

About the Book

An introductory text cannot explore all aspects of environmen-
tal concerns. Here, the emphasis is on the physical constraints
imposed on human activities by the geologic processes that
have shaped and are still shaping our natural environment. In a
real sense, these are the most basic, inescapable constraints; we
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cannot, for instance, use a resource that is not there, or build a
secure home or a safe dam on land that is fundamentally un-
stable. Geology, then, is a logical place to start in developing an
understanding of many environmental issues. The principal
aim of this book is to present the reader with a broad overview
of environmental geology. Because geology does not exist in a
vacuum, however, the text introduces related considerations
from outside geology to clarify other ramifications of the sub-
jects discussed. Likewise, the present does not exist in isolation
from the past and future; occasionally, the text looks both at
how the earth developed into its present condition and where
matters seem to be moving for the future. It is hoped that this
knowledge will provide the reader with a useful foundation for
discussing and evaluating specific environmental issues, as
well as for developing ideas about how the problems should be
solved.

Features Designed for the Student

This text is intended for an introductory-level college course. It
does not assume any prior exposure to geology or college-level
mathematics or science courses. The metric system is used
throughout, except where other units are conventional within a
discipline. (For the convenience of students not yet “fluent” in
metric units, a conversion table is included on the inside back
cover, and in some cases, metric equivalents in English units
are included within the text.)

Each chapter opens with an introduction that sets the
stage for the material to follow. In the course of the chapter,
important terms and concepts are identified by boldface type,
and these terms are collected as “Key Terms and Concepts™ at
the end of the chapter for quick review. The Glossary includes
both these boldface terms and the additional, italicized terms
that many chapters contain. Most chapters include actual case
histories and specific real-world examples. Every chapter con-
cludes with review questions and exercises, which allow stu-
dents to test their comprehension and apply their knowledge.
The “Exploring Further” section includes items that might
serve as ideas for projects or research papers building on text
material.

Each chapter includes one or more case studies relating
to the chapter material. Some involve a situation, problem,
or application that might be encountered in everyday life.
Others offer additional case histories or relevant examples.
The tone is occasionally light, but the underlying issues are
nonetheless real. (While some case studies were inspired by
actual events, and include specific factual information, all
of the characters quoted, and their interactions, are wholly
fictitious.)




New and Updated Content

Environmental geology is, by its very nature, a dynamic field in
which new issues continue to arise and old ones to evolve. Every
chapter has been updated with regard to data, examples, and
illustrations.

Geology is a visual subject, and photographs, satellite
imagery, diagrams, and graphs all enhance students’ learning.
Accordingly, this edition includes more than two hundred new
illustrations, with revisions having been made to dozens more.
In addition each chapter now features one or two Case Studies
to present contemporary issues.

Significant content additions and revisions to specific
chapters include:

Chapter 1 A new case study examines models of lunar
origin to illustrate hypothesis-testing in science.
Population statistics have been updated, with increased
focus on China and India.

Chapter 2 The asbestos case study has been expanded to
include some of the complexities of the Libby, Montana,
vermiculite mine.

Chapter 3 Discussion of evidence supporting plate-tectonic
theory has been expanded, and a case study added to
illustrate how this theory supplanted the previous model
of mountain-building.

Chapter 4 Discussions of fault types, of moment magnitude,
and of tsunami monitoring have been expanded. New
case studies describe applications of short-term
earthquake early-warning systems, and studies related to
the San Andreas Fault Observatory at Depth (SAFOD).

Chapter 5 Information has been added on the Mammoth
Lakes tree kills and the hazards of magmatic CO,, as well
as on new evidence of links between earthquakes and
volcanic activity. The status of activity at Kilauea and
Mount St. Helens has been updated. A new case study
examines the threats posed by the reawakening of
Redoubt volcano.

Chapter 6 Updated case studies examine more broadly the
problem of characterizing flood frequency, and that of
controlling flooding on the Mississippi River system via
levees.

Chapter 7 Discussion of tides has been improved and
expanded. The case study involving the vulnerability of
coastal regions to hurricanes now addresses Hurricane
Ike as well as Katrina, and illustrates the role of the
Galveston seawall.

Chapter 8 Landslides in the Pacific Northwest in the winter
of 2008-2009 are now discussed. Coverage of landslide
monitoring and prediction is expanded to illustrate
relationships of slide hazard to precipitation history.

Chapter 9 Historic and modern photo pairs illustrate
dramatic changes in several alpine glaciers. The case
study considering glaciers as a water source has been
expanded to explore more specifically the implications

of such retreating of alpine glaciers for water supplies in
many areas.

Chapter 10 This chapter, new to the last edition, has been
considerably expanded, reflecting ever-growing interest
in global climate change. The relatively greater warming
of the polar regions, and its significance, is examined
more fully. New information from the IPCC 2009 report
is incorporated. Additional effects of climate change,
observed and postulated, are described: changes in
phytoplankton productivity, changing ocean chemistry
and its effect on corals, changing patterns of rainfall and
drought such as may have contributed to the recent
devastating Australian fires. The role of oceans as
thermal reservoir is further examined. Discussion of
paleoclimates and the evidence for them has been
expanded. A case study addresses the problem of how,
in fact, the earth’s temperature is measured, and how
some of those measurements support the connection
between warming and GHG. Some proposed
“geoengineering” solutions to moderate climate change
are noted.

Chapter 11 New information includes data showing that
evaporation losses from reservoirs exceed human water
consumption worldwide, and evidence that use of
desalinated water may cause deficiency disease in crops
if not in people. Case studies of the High Plains Aquifer
System and the Aral Sea are updated.

Chapter 12 Impact of expansion of biofuel crops on
soil-conservation efforts are noted. A case study has
been added to explore forensic geology as it involves
soils and sediments.

Chapter 13 Data and graphs on mineral consumption,
reserves, recycling, etc., have been fully updated.
Discussion of global mineral demand now includes
specific focus on the impact of China’s development. A
case study examines cell-phone e-cycling from a
mineral-resource perspective.

Chapter 14 As with minerals, tables and graphs of fossil-
fuel consumption and reserves have been updated.
Expanded analysis of factors affecting possible oil
exploration in ANWR now includes information on the
time factor in oil-field development. New/additional
information on mountaintop-removal coal mining,
hazards of ash impoundments, and usefulness of
coal-to-liquid technology has been included.

Chapter 15 The Chernobyl case study has been updated, as
have statistics on U.S. and global nuclear reactors
operating and under construction. Analysis of energy loss
in generation of electricity has been expanded. New
issues include mineral-resource availability as a potential
constraint on expanded use of photovoltaics, and the
effect that widespread cultivation of biofuel crops can
have on food supplies, land use, and carbon sinks.

Chapter 16 Data on municipal waste generation and
nuclear-waste handling in various parts of the world
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have been updated, as has discussion of Superfund. The
problem of toxic elements in e-cycling is highlighted.
The case study examining “life cycle” comparison of
simple objects to assess environmental impact has been
expanded.

Chapter 17 Mercury pollution is more fully examined. A
new case study on DDT highlights the environmental
persistence of bioaccumulative pesticides. New data on
water quality in wells are presented.

Chapter 18 Data on emissions of EPA’s criteria air pollutants
have been updated, as have acid-rain maps. Expanded
discussions include the role of aerosols in weather, and
carbon-sequestration strategies and experiments; new
information on residual lead in soils along highways has
been added to the discussion of lead pollution.

Chapter 19 “Cap-and-trade” as a strategy for reducing
pollution is now discussed. Discussion of seabed mining
rights and the EEZ is expanded to include new legal
developments and effects of global warming.

Chapter 20 Three Gorges Dam is now a major case study,
with more information on hazards and concerns associated
with the project, and problems already experienced.

At chapter ends, the old “For Further Thought” questions have
been expanded and modified under the revised heading “Ex-
ploring Further” to include a number of activities in which stu-
dents can engage, some involving online data, and some
quantitative analysis. For example, they may be directed to ex-
amine real-time stream-gaging or landslide-monitoring data, or
information on current or recent earthquake activity; they can
manipulate historic climate data from NASA to examine trends
by region or time period; they may calculate how big a wind
farm or photovoltaic array would be required to replace a con-
ventional power plant; they can even learn how to reduce sul-
fate pollution by buying SO, allowances.

Organization

The book starts with some background information: a brief
outline of earth’s development to the present, and a look at one
major reason why environmental problems today are so
pressing—the large and rapidly growing human population.
This is followed by a short discussion of the basic materials of
geology—rocks and minerals—and some of their physical
properties, which introduces a number of basic terms and con-
cepts that are used in later chapters.

The next several chapters treat individual processes in de-
tail. Some of these are large-scale processes, which may involve
motions and forces in the earth hundreds of kilometers below
the surface, and may lead to dramatic, often catastrophic events
like earthquakes and volcanic eruptions. Other processes—such
as the flow of rivers and glaciers or the blowing of the wind—
occur only near the earth’s surface, altering the landscape and
occasionally causing their own special problems. In some cases,
geologic processes can be modified, deliberately or acciden-
tally; in others, human activities must be adjusted to natural
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realities. The section on surface processes concludes with a
chapter on climate, which connects or affects a number of the
surface processes described earlier in Section III.

A subject of increasing current concern is the availability
of resources. A series of five chapters deals with water re-
sources, soil, minerals, and energy, the rates at which they are
being consumed, probable amounts remaining, and projections
of future availability and use. In the case of energy resources,
we consider both those sources extensively used in the past and
new sources that may or may not successfully replace them in
the future.

Increasing population and increasing resource consump-
tion lead to an increasing volume of waste to be disposed of;
thoughtless or inappropriate waste disposal, in turn, commonly
creates increasing pollution. Three chapters examine the inter-
related problems of air and water pollution and the strategies
available for the disposal of various kinds of wastes. The intro-
duction to this section presents some related concepts from the
field of geomedicine, linking geochemistry and health.

The final two chapters deal with a more diverse assort-
ment of subjects. Environmental problems spawn laws intended
to solve them; chapter 19 looks briefly at a sampling of laws,
policies, and international agreements related to geologic mat-
ters discussed earlier in the book, and some of the problems
with such laws and accords. Chapter 20 examines geologic con-
straints on construction schemes and the broader issue of trying
to determine the optimum use(s) for particular parcels of land—
matters that become more pressing as population growth pushes
more people to live in marginal places.

Relative to the length of time we have been on earth, hu-
mans have had a disproportionate impact on this planet.
Appendix A explores the concept of geologic time and its mea-
surement and looks at the rates of geologic and other processes
by way of putting human activities in temporal perspective. Ap-
pendix B provides short reference keys to aid in rock and min-
eral identification, and the inside back cover includes units of
measurement and conversion factors.

Of course, the complex interrelationships among geologic
processes and features mean that any subdivision into chapter-
sized pieces is somewhat arbitrary, and different instructors
may prefer different sequences or groupings (streams and
ground water together, for example). An effort has been made
to design chapters so that they can be resequenced in such ways
without great difficulty.

Supplements

Supplements for this edition include: Instructor’s Manual, Pre-
sentation Center, PowerPoint Lecture Outlines, and Student
Quizzing. The “NetNotes” previously included at the end of
each chapter have been expanded and moved to the website.
They continue to highlight a modest collection of Internet sites
that provide additional information and/or images relevant to
the chapter content. These should prove useful to both students
and instructors. An effort has been made to concentrate on sites



with material at an appropriate level for the book’s intended
audience and also on sites likely to be relatively stable in the
very fluid world of the Internet (government agencies, educa-
tional institutions, or professional-association sites). The end-
of-chapter “Suggested Readings/References” have likewise
been updated and moved to the website, and the appendix on
maps and satellite imagery included in previous editions has
been moved there also.
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sense of historical perspective helps us to appreciate

current challenges and to anticipate future ones. Many

modern environmental problems, such as acid rain and
groundwater pollution, have come upon us very recently. Oth-
ers, such as the hazards posed by earthquakes, volcanoes, and
landslides, have always been with us.

Recognition that geologic processes affect all humanity
on our shared planet is illustrated by growing international de-
bate and cooperation on the issues. The 1990s were designated
the United Nations Decade for Natural Disaster Reduction
(though ironically, both the number of catastrophic events,
and their toll in dollars and lives, soared to all-time highs in that
period). Concerted efforts by developed nations have sharply
curtailed destruction of our protective ozone layer. In 1992,
more than 170 nations came together in Rio de Janeiro for the
United Nations Conference on Environment and Development,

Foundations

to address such issues as global climate change, sustainable
development, and environmental protection. More recently,
seventy countries committed to participate in the International
Year of Planet Earth (IYPE), a joint initiative of UNESCO and the
International Union of Geological Sciences that is aimed at
sharing our growing knowledge of earth and geologic pro-
cesses to help current and future generations live more safely
and sustainably.

Chapter 1 briefly summarizes major stages in the earth’s
development and allows us to begin to see where current and
future human activities fit in. It provides us with some informa-
tion about the solar system to help the reader judge the degree
to which other planets might provide solutions to such prob-
lems as lack of resources and living space. It also introduces the
concept of cyclicity in natural processes, and points out that the
interrelationships among natural processes may be complex.

Rocks can provide building materials, yield mineral and energy resources, make the soil on which we live and grow crops, offer us recreational
opportunities, and even be objects of veneration. Rainbow Bridge, AZ, is sacred to several native cultures.




The size and growth of earth’s human population bear
strongly on the ways and extent to which geology and people
interact, which is what environmental geology is all about. In
fact, many of our problems are as acute as they are simply
because of the sheer number of people who now live on the
earth, either overall or in particular locations. This will be evi-
dent in later discussions of resources, pollution, and waste
disposal.

2 Section One Foundations

It is difficult to talk for long about geology without dis-
cussing rocks and minerals, the stuff of which the earth is made.
Chapter 2 introduces these materials and some of their basic
properties. Specific physical and chemical properties of rocks
and soils are important in considering such diverse topics as re-
source identification and recovery, waste disposal, assessment of
volcanic or landslide hazards, weathering processes and soil for-
mation, and others. il




An Overview of Our
Planetary Environment

About five billion years ago, out of a swirling mass of gas
and dust, evolved a system of varied planets hurtling around
a nuclear-powered star—our solar system. One of these planets,
and one only, gave rise to complex life-forms. Over time, a tremen-
dous diversity of life-forms and ecological systems developed,
while the planet, too, evolved and changed, its interior churning,
its landmasses shifting, its surface constantly being reshaped.
Within the last several million years, the diversity of life on earth
has included humans, increasingly competing for space and sur-
vival on the planet’s surface. With the control over one’s surround-
ings made possible by the combination of intelligence and manual
dexterity, humans have found most of the land on the planet in-
habitable; they have learned to use not only plant and animal re-
sources, but minerals, fuels, and other geologic materials; in some
respects, humans have even learned to modify natural processes
that inconvenience or threaten them. As we have learned how to

study our planet in systematic ways, we have developed an ever-
increasing understanding of the complex nature of the processes
shaping, and the problems posed by, our geological environment.
Environmental geology explores the many and varied interac-
tions between humans and that geologic environment.

As the human population grows, it becomes increasingly
difficult for that population to survive on the resources and land
remaining, to avoid those hazards that cannot be controlled, and
to refrain from making irreversible and undesirable changes in
environmental systems. The urgency of perfecting our under-
standing, not only of natural processes but also of ourimpact on
the planet, is becoming more and more apparent, and has moti-
vated increased international cooperation and dialogue on envi-
ronmental issues. (However, while nations may readily agree on
what the problematic issues are, agreement on solutions is often
much harder to achieve!)

A 180-degree panorama of images taken by the Mars rover Spirit in 2008, in colors approximating what the human eye would see.

Image by NASA/JPL/Cornell.




Earth in Space and Time

The Early Solar System

In recent decades, scientists have been able to construct an ever-
clearer picture of the origins of the solar system and, before
that, of the universe itself. Most astronomers now accept some
sort of “Big Bang” as the origin of today’s universe. Just before
it occurred, all matter and energy would have been compressed
into an enormously dense, hot volume a few millimeters (much
less than an inch) across. Then everything was flung violently
apart across an ever-larger volume of space. The time of the Big
Bang can be estimated in several ways. Perhaps the most direct
is the back-calculation of the universe’s expansion to its appar-
ent beginning. Other methods depend on astrophysical models
of creation of the elements or the rate of evolution of different
types of stars. Most age estimates overlap in the range of 12 to
14 billion years.

Stars formed from the debris of the Big Bang, as locally
high concentrations of mass were collected together by gravity,
and some became large and dense enough that energy-releasing
atomic reactions were set off deep within them. Stars are not
permanent objects. They are constantly losing energy and mass
as they burn their nuclear fuel. The mass of material that ini-
tially formed the star determines how rapidly the star burns;
some stars burned out billions of years ago, while others are
probably forming now from the original matter of the universe
mixed with the debris of older stars.

Our sun and its system of circling planets, including the
earth, are believed to have formed from a rotating cloud of gas
and dust (small bits of rock and metal), some of the gas debris
from older stars (figure 1.1). Most of the mass of the cloud co-
alesced to form the sun, which became a star and began to
“shine,” or release light energy, when its interior became so

Disk of gas and dust
spinning around the young sun

dense and hot from the crushing effects of its own gravity that
nuclear reactions were triggered inside it. Meanwhile, dust con-
densed from the gases remaining in the flattened cloud disk ro-
tating around the young sun. The dust clumped into planets, the
formation of which was essentially complete over 42 billion
years ago.

The Planets

The compositions of the planets formed depended largely on
how near they were to the hot sun (figure 1.2). The planets
formed nearest to the sun contained mainly metallic iron and a
few minerals with very high melting temperatures, with little
water or gas. Somewhat farther out, where temperatures were
lower, the developing planets incorporated much larger amounts
of lower-temperature minerals, including some that contain wa-
ter locked within their crystal structures. (This later made it
possible for the earth to have liquid water at its surface.) Still
farther from the sun, temperatures were so low that nearly all of
the materials in the original gas cloud condensed—even materi-
als like methane and ammonia, which are gases at normal earth
surface temperatures and pressures.

The result was a series of planets with a variety of compo-
sitions, most quite different from that of earth. This is confirmed
by observations and measurements of the planets. For example,
the planetary densities listed in table 1.1 are consistent with a
higher metal and rock content in the four planets closest to the
sun and a much larger proportion of ice and gas in the planets
farther from the sun (see also figure 1.3). These differences should
be kept in mind when it is proposed that other planets could be
mined for needed minerals. Both the basic chemistry of these
other bodies and the kinds of ore-forming or other resource-
forming processes that might occur on them would differ consid-
erably from those on earth, and may not have led to products we

Dust grains

Dust grains clump
into planetesimals

Figure 1.1

Planetesimals collide
and collect into planets

Our solar system formed as dust condensed from the gaseous nebula, then clumped together to make planets.
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As this graph shows, the spacing of the planets’ orbits exhibits a
geometric regularity. Note that the distance scale is logarithmic—
outer planets are much farther out, proportionately, and formed at
much colder temperatures.

would find useful. (This is leaving aside any questions of the
economics or technical practicability of such mining activities!)
In addition, our principal current energy sources required living
organisms to form, and so far, no such life-forms have been found
on other planets or moons. Venus—close to Earth in space, simi-
lar in size and density—shows marked differences: Its dense,
cloudy atmosphere is thick with carbon dioxide, producing plan-
etary surface temperatures hot enough to melt lead through run-
away greenhouse-effect heating (see chapter 10). Mars would
likewise be inhospitable: It is very cold, and we could not breathe
its atmosphere. Though its surface features indicate the presence
of liquid water in its past, there is none now, and only small
amounts of water ice have been found. There is not so much as a
blade of grass for vegetation; the brief flurry of excitement over
possible evidence of life on Mars referred only to fossil microor-
ganisms, and more-intensive investigations suggested that the
tiny structures in question likely are inorganic.

Earth, Then and Now

The earth has changed continuously since its formation, under-
going some particularly profound changes in its early history.
The early earth was very different from what it is today, lacking
the modern oceans and atmosphere and having a much different
surface from its present one, probably more closely resembling
the barren, cratered surface of the moon. Like other planets, Earth
was formed by accretion, as gravity collected together the solid
bits that had condensed from the solar nebula. Some water may
have been contributed by gravitational capture of icy comets,
though recent analyses of modern comets do not suggest that this
was a major water source. The planet was heated by the impact of
the colliding dust particles and meteorites as they came together
to form the earth, and by the energy release from decay of the
small amounts of several naturally radioactive elements that the
earth contains. These heat sources combined to raise the earth’s
internal temperature enough that parts of it, perhaps eventually
most of it, melted, although it was probably never molten all at
once. Dense materials, like metallic iron, would have tended to
sink toward the middle of the earth. As cooling progressed,

Table 1.1 Some Basic Data on the Planets

Mean Distance from Mean
Planet Sun (millions of km) Temperature (°C)
Mercury 58 167
Venus 108 464
Earth 150 15
Mars 228 —65
Jupiter 778 —110
Saturn 1427 —140
Uranus 2870 —=195
Neptune 4479 —200

Equatorial Diameter, Density*
Relative to Earth (g/cu. cm)
0.38 54
0.95 5.2 | Predominantly rocky/metal
1.00 55| planets
0.53 3.9
11.19 1.3
9.41 0.7
4.06 13 Gaseous planets
3.88 1.6

Source: Data from NASA.

*No other planets have been extensively sampled to determine their compositions directly, though we have some data on their surfaces. Their approximate bulk compositions are inferred from the assumed
starting composition of the solar nebula and the planets’ densities. For example, the higher densities of the inner planets reflect a significant iron content and relatively little gas.
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The planets of the solar system vary markedly in both composition and physical properties. For example, Mercury (A) is rocky, iron-rich, dry,
and pockmarked with craters; Mars (B, and chapter opener) shares many surface features with Earth (volcanoes, canyons, dunes, slumps,
stream channels, and more), but the surface is now dry and barren; Jupiter (C) is a huge gas ball, with no solid surface at all, and dozens of
moons of ice and rock that circle it to mimic the solar system in miniature. Note also the very different sizes of the planets (D). The Jovian
planets—named for Jupiter—are gas giants; the terrestrial planets are more rocky, like Earth.

(A) and (C) Photographs courtesy NSSDC Goddard Space Flight Center; (B) and (D) courtesy NASA.
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A chemically differentiated earth. The core consists mostly of iron; the outer part is molten. The mantle, the largest zone, is made up primarily
of ferromagnesian silicates (see chapter 2) and, at great depths, of oxides of iron, magnesium, and silicon. The crust (not drawn to scale, but
exaggerated vertically in order to be visible at this scale) forms a thin skin around the earth. Oceanic crust, which forms the sea floor, has a
composition somewhat like that of the mantle, but is richer in silicon. Continental crust is both thicker and less dense. It rises above the
oceans and contains more light minerals rich in calcium, sodium, potassium, and aluminum. The “plates” of plate tectonics (the lithosphere)

comprise the crust and uppermost mantle. (100 km = 60 miles)

lighter, low-density minerals crystallized and floated out toward
the surface. The eventual result was an earth differentiated into
several major compositional zones: the central core; the sur-
rounding mantle; and a thin crust at the surface (see figure 1.4).
The process was complete well before 4 billion years ago.
Although only the crust and a few bits of uppermost mantle
that are carried up into the crust by volcanic activity can be sam-
pled and analyzed directly, we nevertheless have a good deal of
information on the composition of the earth’s interior. First, scien-
tists can estimate from analyses of stars the starting composition
of the cloud from which the solar system formed. Geologists can
also infer aspects of the earth’s bulk composition from analyses of
certain meteorites believed to have formed at the same time as,
and under conditions similar to, the earth. Geophysical data dem-
onstrate that the earth’s interior is zoned and also provide informa-
tion on the densities of the different layers within the earth, which
further limits their possible compositions. These and other kinds
of data indicate that the earth’s core is made up mostly of iron,
with some nickel and a few minor elements; the outer core is mol-
ten, the inner core solid. The mantle consists mainly of iron, mag-
nesium, silicon, and oxygen combined in varying proportions in
several different minerals. The earth’s crust is much more varied
in composition and very different chemically from the average
composition of the earth (see table 1.2). Crust and uppermost
mantle together form a somewhat brittle shell around the earth. As
is evident from table 1.2, many of the metals we have come to
prize as resources are relatively uncommon elements in the crust.

Most Common Chemical Elements in

Table 1.2 the Earth
WHOLE EARTH CRUST
Weight Weight
Element Percent Element Percent
Iron 324 Oxygen 46.6
Oxygen 29.9 Silicon 277
Silicon 15.5 Aluminum 8.1
Magnesium 14.5 Iron 5.0
Sulfur 2.1 Calcium 3.6
Nickel 2.0 Sodium 2.8
Calcium 1.6 Potassium 2.6
Aluminum 13 Magnesium 2.1
(All others, total) 7 (All others, total) 1.5

(Compositions cited are averages of several independent estimates.)

The heating and subsequent differentiation of the early
earth led to another important result: formation of the atmosphere
and oceans. Many minerals that had contained water or gases in
their crystals released them during the heating and melting, and
as the earth’s surface cooled, the water could condense to form
the oceans. Without this abundant surface water, which in the
solar system is unique to earth, most life as we know it could not

Chapter One An Overview of Our Planetary Environment 7



exist. The oceans filled basins, while the continents, buoyant be-
cause of their lower-density rocks and minerals, stood above the
sea surface. At first, the continents were barren of life.

The earth’s early atmosphere was quite different from the
modern one, aside from the effects of modern pollution. The
first atmosphere had little or no free oxygen in it. It probably
consisted dominantly of nitrogen and carbon dioxide (the gas
most commonly released from volcanoes, aside from water)
with minor amounts of such gases as methane, ammonia, and
various sulfur gases. Humans could not have survived in this
early atmosphere. Oxygen-breathing life of any kind could not
exist before the single-celled blue-green algae appeared in large
numbers to modify the atmosphere. Their remains are found in
rocks as much as several billion years old. They manufacture

$:0-Z-04i.C

Y
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4.5 billion years ago

Figure 1.5

food by photosynthesis, using sunlight for energy, consuming
carbon dioxide, and releasing oxygen as a by-product. In time,
enough oxygen accumulated that the atmosphere could support
oxygen-breathing organisms.

Life on Earth

The rock record shows when different plant and animal groups
appeared. Some are represented schematically in figure 1.5. The
earliest creatures left very few remains because they had no hard
skeletons, teeth, shells, or other hard parts that could be pre-
served in rocks. The first multicelled oxygen-breathing creatures
probably developed about 1 billion years ago, after oxygen in
the atmosphere was well established. By about 550 million years
ago, marine animals with shells had become widespread.

The “geologic spiral”: Important plant and animal groups appear where they first occurred in significant numbers. If earth’s whole history were
equated to a 24-hour day, modern thinking humans (Homo sapiens) would have arrived on the scene just about ten seconds ago. For another

way to look at these data, see table A.1 in appendix A.
Source: Modified after U.S. Geological Survey publication Geologic Time
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The development of organisms with hard parts—shells,
bones, teeth, and so on—greatly increased the number of pre-
served animal remains in the rock record; consequently, biologi-
cal developments since that time are far better understood. Dry
land was still barren of large plants or animals half a billion years
ago. In rocks about 500 million years old is the first evidence of
animals with backbones—the fish—and soon thereafter, early
land plants developed, before 400 million years ago. Insects ap-
peared approximately 300 million years ago. Later, reptiles and
amphibians moved onto the continents. The dinosaurs appeared
about 200 million years ago and the first mammals at nearly the
same time. Warm-blooded animals took to the air with the devel-
opment of birds about 150 million years ago, and by 100 million
years ago, both birds and mammals were well established.

Such information has current applications. Certain en-
ergy sources have been formed from plant or animal remains.
Knowing the times at which particular groups of organisms ap-
peared and flourished is helpful in assessing the probable
amounts of these energy sources available and in concentrating
the search for these fuels on rocks of appropriate ages.

On a timescale of billions of years, human beings have
just arrived. The most primitive human-type remains are no
more than 3 to 4 million years old, and modern, rational humans
(Homo sapiens) developed only about half a million years ago.
Half a million years may sound like a long time, and it is if
compared to a single human lifetime. In a geologic sense,
though, it is a very short time. If we equate the whole of earth’s
history to a 24-hour day, then shelled organisms appeared only
about three hours ago; fish, about 2 hours and 40 minutes ago;
land plants, two hours ago; birds, about 45 minutes ago—and
Homo sapiens has been around for just the last ten seconds.
Nevertheless, we humans have had an enormous impact on the
earth, at least at its surface, an impact far out of proportion to
the length of time we have occupied it. Our impact is likely to
continue to increase rapidly as the population does likewise.

Geology, Past and Present

Two centuries ago, geology was mainly a descriptive science
involving careful observation of natural processes and their
products. The subject has become both more quantitative and
more interdisciplinary through time. Modern geoscientists draw
on the principles of chemistry to interpret the compositions of
geologic materials, apply the laws of physics to explain these
materials’ physical properties and behavior, use the biological
sciences to develop an understanding of ancient life-forms, and
rely on engineering principles to design safe structures in the
presence of geologic hazards. The emphasis on the “why,”
rather than just the “what,” has increased.

The Geologic Perspective

Geologic observations now are combined with laboratory ex-
periments, careful measurements, and calculations to develop
theories of how natural processes operate. Geology is especially

challenging because of the disparity between the scientist’s
laboratory and nature’s. In the research laboratory, conditions
of temperature and pressure, as well as the flow of chemicals
into or out of the system under study, can be carefully con-
trolled. One then knows just what has gone into creating the
product of the experiment. In nature, the geoscientist is often
confronted only with the results of the “experiment” and must
deduce the starting materials and processes involved.

Another complicating factor is time. The laboratory scien-
tist must work on a timescale of hours, months, years, or, at
most, decades. Natural geologic processes may take a million or
a billion years to achieve a particular result, by stages too slow
even to be detected in a human lifetime (table 1.3). This under-
standing may be one of the most significant contributions of
early geoscientists: the recognition of the vast length of geologic
history, sometimes described as “deep time.” The qualitative and
quantitative tools for sorting out geologic events and putting
dates on them are outlined in appendix A. For now, it is useful to
bear in mind that the immensity of geologic time can make it
difficult to arrive at a full understanding of how geologic pro-
cesses operated in the past from observations made on a human
timescale. It dictates caution, too, as we try to project, from a
few years’ data on global changes associated with human activi-
ties, all of the long-range impacts we may be causing.

Also, the laboratory scientist may conduct a series of experi-
ments on the same materials, but the experiments can be stopped

Some Representative Geologic-

Table 1.3 Process Rates

Occurs Over a Time Span
Process of About This Magnitude
Rising and falling of tides 1 day
“Drift” of a continent by 2-3 1year

centimeters (about 1 inch)

Accumulation of energy between
large earthquakes on a major fault

10-100 years

zone
Rebound (rising) by 1 meter of a 100 years
continent depressed by ice

sheets during the Ice Age

Flow of heat through 1 meter of 1000 years

rock

Deposition of 1 centimeter of fine
sediment on the deep-sea floor

1000-10,000 years

Ice sheet advance and retreat
during an ice age

10,000-100,000 years
Life span of a small volcano 100,000 years
Life span of a large volcanic 1-10 million years
center

Creation of an ocean basin such
as the Atlantic

Duration of a major
mountain-building episode

100 million years
100 million years

History of life on earth Over 3 billion years
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and those materials examined after each stage. Over the vast spans
of geologic time, a given mass of earth material may have been
transformed a half-dozen times or more, under different conditions
each time. The history of the rock that ultimately results may be
very difficult to decipher from the end product alone.

Geology and the Scientific Method

The scientific method is a means of discovering basic scientific
principles. One begins with a set of observations and/or a body
of data, based on measurements of natural phenomena or on
experiments. One or more hypotheses are formulated to ex-
plain the observations or data. A hypothesis can take many
forms, ranging from a general conceptual framework or model
describing the functioning of a natural system, to a very precise
mathematical formula relating several kinds of numerical data.
What all hypotheses have in common is that they must all be
susceptible to testing and, particularly, to falsification. The idea
is not simply to look for evidence to support a hypothesis, but to
examine relevant evidence with the understanding that it may
show the hypothesis to be wrong.

In the classical conception of the scientific method, one
uses a hypothesis to make a set of predictions. Then one devises
and conducts experiments to test each hypothesis, to determine
whether experimental results agree with predictions based on
the hypothesis. If they do, the hypothesis gains credibility. If not,
if the results are unexpected, the hypothesis must be modified to
account for the new data as well as the old or, perhaps, discarded
altogether. Several cycles of modifying and retesting hypotheses
may be required before a hypothesis that is consistent with all
the observations and experiments that one can conceive is
achieved. A hypothesis that is repeatedly supported by new ex-
periments advances in time to the status of a theory, a generally
accepted explanation for a set of data or observations.

Much confusion can arise from the fact that in casual con-
versation, people often use the term theory for what might better
be called a hypothesis, or even just an educated guess. (“So,
what’s your theory?” one character in a TV mystery show may
ask another, even when they’ve barely looked at the first evi-
dence.) Thus people may assume that a scientist describing a
theory is simply telling a plausible story to explain some data. A
scientific theory, however, is a very well-tested model with a very
substantial and convincing body of evidence that supports it. A
hypothesis may be advanced by just one individual; a theory has
survived the challenge of extensive testing to merit acceptance by
many, often most, experts in a field. The Big Bang theory is not
just a creative idea. It accounts for the decades-old observation
that all the objects we can observe in the universe seem to be mov-
ing apart. If it is correct, the universe’s origin was very hot; scien-
tists have detected the cosmic microwave background radiation
consistent with this. And astrophysicists’ calculations predict that
the predominant elements that the Big Bang would produce
would be hydrogen and helium—which indeed overwhelmingly
dominate the observed composition of our universe.

The classical scientific method is not strictly applicable to
many geologic phenomena because of the difficulty of experi-
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menting with natural systems, given the time and scale consid-
erations noted earlier. For example, one may be able to conduct
experiments on a single rock, but not to construct a whole vol-
cano in the laboratory. In such cases, hypotheses are often tested
entirely through further observations or theoretical calculations
and modified as necessary until they accommodate all the rele-
vant observations (or are discarded when they cannot be recon-
ciled with new data). This broader conception of the scientific
method is well illustrated by the development of the theory of
plate tectonics, discussed in chapter 3. “Continental drift” was
once seen as a wildly implausible idea, advanced by an eccen-
tric few, but in the latter half of the twentieth century, many
kinds of evidence were found to be explained consistently and
well by movement of plates—including continents—over
earth’s surface. Still, the details of plate tectonics continue to be
refined by further studies. Even a well-established theory may
ultimately be proved incorrect. (Plate tectonics in fact sup-
planted a very different theory about how mountain ranges
form.) In the case of geology, complete rejection of an older
theory has most often been caused by the development of new
analytical or observational techniques, which make available
wholly new kinds of data that were unknown at the time the
original theory was formulated.

The Motivation to Find Answers

In spite of the difficulties inherent in trying to explain geologic
phenomena, the search for explanations goes on, spurred not
only by the basic quest for knowledge, but also by the practical
problems posed by geologic hazards, the need for resources,
and concerns about possible global-scale human impacts, such
as ozone destruction and global warming.

The hazards may create the most dramatic scenes and
headlines, the most abrupt consequences: The 1989 Loma Pri-
eta (California) earthquake caused more than $5 billion in
damage; the 1995 Kobe (Japan) earthquake (figure 1.6),

Figure 1.6
One of many buildings damaged in the 1995 earthquake in Kobe.

Photograph by R. Hutchinson, courtesy NOAA/National Geophysical
Data Center



Figure 1.7
Ash pours from Mount St. Helens, May 1980.

Photograph by Peter Lipman, courtesy USGS.

similar in size to Loma Prieta, caused over 5200 deaths and
about $100 billion in property damage; the 2004 Sumatran
earthquake claimed nearly 300,000 lives. The 18 May 1980
eruption of Mount St. Helens (figure 1.7) took even the scien-
tists monitoring the volcano by surprise, and the 1991 erup-
tion of Mount Pinatubo in the Philippines not only devastated
local residents but caught the attention of the world through a
marked decline in 1992 summer temperatures. Efforts are un-
derway to provide early warnings of such hazards as earth-
quakes, volcanic eruptions, and landslides so as to save lives,
if not property. Likewise, improved understanding of stream
dynamics and more prudent land use can together reduce the
damages from flooding (figure 1.8), which amount in the
United States to over $1 billion a year and the loss of dozens
of lives annually. Landslides and other slope and ground fail-
ures (figure 1.9) take a similar toll in property damage, which
could be reduced by more attention to slope stability and im-
proved engineering practices. It is not only the more dramatic
hazards that are costly: on average, the cost of structural dam-
age from unstable soils each year approximately equals the
combined costs of landslides, earthquakes, and flood damages
in this country.

Our demand for resources of all kinds continues to grow
and so do the consequences of resource use. In the United States,
average per-capita water use is 1500 gallons per day; in many
places, groundwater supplies upon which we have come to rely
heavily are being measurably depleted. Worldwide, water-
resource disputes between nations are increasing in number. As
we mine more extensively for mineral resources, we face the
problem of how to minimize associated damage to the mined
lands (figure 1.10). The grounding of the Exxon Valdez in 1989,
dumping 11 million gallons of oil into Prince William Sound,
Alaska, was a reminder of the negative consequences of petro-
leum exploration, just as the 1991 war in Kuwait, and the later
invasion of Iraq, were reminders of U.S. dependence on im-
ported oil.

Figure 1.8

A major river like the Mississippi floods when a large part of the
area that it drains is waterlogged by more rain or snowmelt than
can be carried away in the channel. Such floods—Ilike that in
summer 1993, shown here drenching Jefferson City, Missouri—can
be correspondingly long-lasting. Over millennia, the stream builds
a floodplain into which the excess water naturally flows; we build
there at our own risk.

Photograph by Mike Wright, courtesy Missouri Department of
Transportation

As we consume more resources, we create more waste. In
the United States, total waste generation is estimated at close to
300 million tons per year—or more than a ton per person. Care-
less waste disposal, in turn, leads to pollution. The Environ-
mental Protection Agency continues to identify toxic-waste
disposal sites in urgent need of cleanup; by 2000, over 1500 so-
called priority sites had been identified. Cleanup costs per site
have risen to over $30 million, and the projected total costs to
remediate these sites alone is over $1 trillion. As fossil fuels are
burned, carbon dioxide in the atmosphere rises, and modelers of
global climate strive to understand what that may do to global
temperatures, weather, and agriculture decades in the future.

These are just a few of the kinds of issues that geologists
play a key role in addressing.

Wheels Within Wheels: Earth Cycles and Systems

The earth is a dynamic, constantly changing planet—its crust
shifting to build mountains; lava spewing out of its warm inte-
rior; ice and water and windblown sand and gravity reshaping
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Figure 1.9
Slope failure on a California hillside undercuts homes.
Photograph by J. T. McGill, USGS Photo Library, Denver, CO.

Figure 1.10

The Grasberg Mine in Irian Jaya, Indonesia, is one of the world’s
largest gold- and copper-mining operations. The surface pit is
nearly 4 km (22 miles) across; note the sharp contrast with
surrounding topography. Slopes oversteepened by mining have
suffered deadly landslides, and local residents worry about copper
and acid contamination in runoff water.

Image courtesy of Earth Sciences and Image Analysis Laboratory,
NASA Johnson Space Center.
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its surface, over and over. Some changes proceed in one direc-
tion only: for example, the earth has been cooling progres-
sively since its formation, though considerable heat remains
in its interior. Many of the processes, however, are cyclic in
nature.

Consider, for example, such basic materials as water or
rocks. Streams drain into oceans and would soon run dry if not
replenished; but water evaporates from oceans, to make the
rain and snow that feed the streams to keep them flowing. This
describes just a part of the hydrologic (water) cycle, explored
more fully in chapters 6 and 11. Rocks, despite their appear-
ance of permanence in the short term of a human life, partici-
pate in the rock cycle (chapters 2 and 3). The kinds of
evolutionary paths rocks may follow through this cycle are
many, but consider this illustration: A volcano’s lava (fig-
ure 1.11) hardens into rock; the rock is weathered into sand and
dissolved chemicals; the debris, deposited in an ocean basin, is
solidified into a new rock of quite different type; and some of
that new rock may be carried into the mantle via plate tecton-
ics, to be melted into a new lava. The time frame over which
this process occurs is generally much longer than that over
which water cycles through atmosphere and oceans, but the
principle is similar. The Appalachian or Rocky Mountains as
we see them today are not as they formed, tens or hundreds of
millions of years ago; they are much eroded from their original
height by water and ice, and, in turn, contain rocks formed in
water-filled basins and deserts from material eroded from
more-ancient mountains before them (figure 1.12).

Chemicals, too, cycle through the environment. The car-
bon dioxide that we exhale into the atmosphere is taken up by
plants through photosynthesis, and when we eat those plants for
food energy, we release CO, again. The same exhaled CO, may
also dissolve in rainwater to make carbonic acid that dissolves
continental rock; the weathering products may wash into
the ocean, where dissolved carbonate then contributes to the

Figure 1.11

Bit by bit, lava flows like this one on Kilauea have built the Hawaiian
Islands.



Figure 1.12

Rocks tell a story of constant change. The sandstones of Zion National Park preserve ancient windswept dunes, made of sand eroded from
older rocks, deeply buried and solidified into new rock, then uplifted to erode again.

formation of carbonate shells and carbonate rocks in the ocean
basins; those rocks may later be exposed and weathered by rain,
releasing CO, back into the atmosphere or dissolved carbonate
into streams that carry it back to the ocean. The cycling of
chemicals and materials in the environment may be complex, as
we will see in later chapters.

Furthermore, these processes and cycles are often inter-
related, and seemingly local actions can have distant conse-
quences. We dam a river to create a reservoir as a source of
irrigation water and hydroelectric power, inadvertently trapping
stream-borne sediment at the same time; downstream, patterns
of erosion and deposition in the stream channel change, and at
the coast, where the stream pours into the ocean, coastal erosion
of beaches increases because a part of their sediment supply,
from the stream, has been cut off. The volcano that erupts the
lava to make the volcanic rock also releases water vapor into the
atmosphere, and sulfur-rich gases and dust that influence the
amount of sunlight reaching earth’s surface to heat it, which, in
turn, can alter the extent of evaporation and resultant rainfall,
which will affect the intensity of landscape erosion and weath-
ering of rocks by water. ... So although we divide the great
variety and complexity of geologic processes and phenomena
into more manageable, chapter-sized units for purposes of dis-
cussion, it is important to keep such interrelationships in mind.
And superimposed on, influenced by, and subject to all these
natural processes are humans and human activities.

Nature and Rate of
Population Growth

Animal populations, as well as primitive human populations,
are generally quite limited both in the areas that they can oc-
cupy and in the extent to which they can grow. They must live
near food and water sources. The climate must be one to which
they can adapt. Predators, accidents, and disease take a toll. If
the population grows too large, disease and competition for
food are particularly likely to cut it back to sustainable levels.

The human population grew relatively slowly for hun-
dreds of thousands of years. Not until the middle of the nine-
teenth century did the world population reach 1 billion. However,
by then, a number of factors had combined to accelerate the rate
of population increase. The second, third, and fourth billion
were reached far more quickly; the world population is now
over 6.7 billion and is expected to rise to over 9 billion by 2050
(figure 1.13).

Humans are no longer constrained to live only where con-
ditions are ideal. We can build habitable quarters even in ex-
treme climates, using heaters or air conditioners to bring the
temperature to a level we can tolerate. In addition, people need
not live where food can be grown or harvested or where there is
abundant fresh water: The food and water can be transported,
instead, to where the people choose to live.
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World population, currently over 6.7 billion, is projected to reach over 9 billion by 2050. Most of that population increase will occur in less-
developed countries. It is important to realize, too, that in some large developing nations (notably China and India) the middle class is
growing very rapidly, which has serious implications for resource demand, as will be explored in Section IV.

Source: United Nations, Department of Economic and Social Affairs, Population Division (2007). World Population Prospects: The 2006 Revision,

Highlights, Working Paper No. ESA/P/WP. 202.

Growth Rates: Causes and Consequences

Population growth occurs when new individuals are added to
the population faster than existing individuals are removed from
it. On a global scale, the population increases when its birthrate
exceeds its death rate. In assessing an individual nation’s or re-
gion’s rate of population change, immigration and emigration
must also be taken into account. Improvements in nutrition and
health care typically increase life expectancies, decrease mor-
tality rates, and thus increase the rate of population growth.
(Worldwide, life expectancy is about 68 years and is expected
to increase to nearly 75 years by the year 2050.) Increased use
of birth-control or family-planning methods reduces birthrates
and, therefore, also reduces the rate of population growth; in

fact, a population could begin to decrease if birthrates were se-
verely restricted.

The sharply rising rate of population growth over the past
few centuries can be viewed another way. It took until about
A.D. 1830 for the world’s population to reach 1 billion. The
population climbed to 2 billion in the next 100 years, to 3 bil-
lion in 30 more years, and so on. It has taken less and less time
to add each successive billion people, as ever more people con-
tribute to the population growth and individuals live longer. The
last billion people were added to the world’s population within
less than a decade.

There are wide differences in growth rates among regions
(table 1.4; figure 1.13). The reasons for this are many. Religious

Table 1.4 World and Regional Population Growth and Projections (in millions)

North Latin America
Year World America and Caribbean Africa Europe Asia Oceania
1950 2520 172 167 221 547 1402 13
2008 6705 338 577 967 736 4052 35
2050 (projected) 9352 480 778 1932 685 5427 49
Growth rate (%/year) 1.2 0.6 1.5 2.4 0 1.2 1.1
Doubling time (years) 58 17 47 29 * 58 64

*Not applicable; population declining.

Source: United Nations World Population Estimates and Projections (http://www.popin.org/pop1998/) and 2008 World Population Data Sheet, Population Reference Bureau, 2008.
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or social values may cause larger or smaller families to be
regarded as desirable in particular regions or cultures. High lev-
els of economic development are commonly associated with
reduced rates of population growth; conversely, low levels of
development are often associated with rapid population growth.
The impact of improved education, which may accompany eco-
nomic development, can vary: It may lead to better nutrition,
prenatal and child care, and thus to increased growth rates, but
it may also lead to increased or more effective practice of
family-planning methods, thereby reducing growth rates. A few
governments of nations with large and rapidly growing popula-
tions have considered encouraging or mandating family plan-
ning; India and the People’s Republic of China have taken
active measures.

A relatively new factor that strongly affects population
growth in some less-developed nations is AIDS. In more devel-
oped countries, less than 1% of the population aged 15 to 49
may be afflicted; the prevalence in some African nations is over
30%. In Botswana, where AIDS prevalence is close to 40%, life
expectancy is down to 35 years. How this population will
change over time depends greatly on how effectively the AIDS
epidemic is controlled.

Even when the population growth rate is constant, the
number of individuals added per unit of time increases over time.
This is called exponential growth, a concept to which we will
return when discussing resources in Section IV. The effect of
exponential growth is similar to interest compounding. If one in-
vests $100 at 10% per year and withdraws the interest each year,
one earns $10/year, and after 10 years, one has collected $100 in
interest. If one invests $100 at 10% per year, compounded annu-
ally, then, after one year, $10 interest is credited, for a new bal-
ance of $110. But if the interest is not withdrawn, then at the end
of the second year, the interest is $11 (10% of $110), and the new
balance is $121. By the end of the tenth year (assuming no with-
drawals), the interest for the year is $23.58, but the interest rate
has not increased. And the balance is $259.37 so, subtracting the
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original investment of $100, this means total interest of $159.37
rather than $100. Similarly with a population of 1 million grow-
ing at 5% per year: In the first year, 50,000 persons are added; in
the tenth year, the population grows by 77,566 persons. The re-
sult is that a graph of population versus time steepens over time,
even at a constant growth rate. If the growth rate itself also in-
creases, the curve rises still more sharply.

For many mineral and fuel resources, consumption has
been growing very rapidly, even more rapidly than the popula-
tion. The effects of exponential increases in resource demand are
like the effects of exponential population growth (figure 1.14). If
demand increases by 2% per year, it will double not in 50 years,
but in 35. A demand increase of 5% per year leads to a doubling
in demand in 14 years and a tenfold increase in demand in 47
years! In other words, a prediction of how soon mineral or fuel
supplies will be used up is very sensitive to the assumed rate of
change of demand. Even if population is no longer growing ex-
ponentially, consumption of many resources is.

Growth Rate and Doubling Time

Another way to look at the rapidity of world population growth
is to consider the expected doubling time, the length of time
required for a population to double in size. Doubling time (D) in
years may be estimated from growth rate (G), expressed in per-
cent per year, using the simple relationship D = 70/G, which is
derived from the equation for exponential growth (see “Explor-
ing Further” question 2 at the chapter’s end). The higher the
growth rate, the shorter the doubling time of the population (see
again table 1.4). By region, the most rapidly growing segment of
the population today is that of Africa. Its population, estimated
at 967 million in 2008, was growing at about 2.4% per year. The
largest segment of the population, that of Asia, is increasing at
1.2% per year, and since the over 4 billion people there represent
well over half of the world’s total population, this leads to a rela-
tively high global average growth rate. Europe’s population has

Figure 1.14

Graphical comparison of the effects of linear and
exponential growth, whether on consumption of
minerals, fuels, water, and other consumable
commodities, or population. With linear growth,
one adds a fixed percentage of the initial value
each year (dashed lines). With exponential
growth, the same percentage increase is
computed each year, but year by year the value
on which that percentage is calculated increases,
so the annual increment keeps getting larger.
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Population distribution by region in 2008 with projections to the year 2050. Size of circle reflects relative total population. The most dramatic
changes in proportion are the relative growth of the population of Africa and decline of population in Europe. Data from table 1.4.

begun to decline slightly, but Europe contains only about 11% of
the world’s population. Thus, the fastest growth in general is tak-
ing place in the largest segments of the population.

The average worldwide population growth rate is about
1.2% per year. This may sound moderate, but it corresponds to a
relatively short doubling time of about 58 years. At that, the pres-
ent population growth rate actually represents a decline from
nearly 2% per year in the mid-1960s. The United Nations projects
that growth rates will continue to decrease gradually over the next
several decades, probably as a result of scarcer resources coupled
with increased population-control efforts (and, perhaps, AIDS).
However, a decreasing growth rate is not at all the same as a de-
creasing population. Depending upon projected fertility rates, es-
timates of world population in the year 2050 can vary by several
billion. Using a medium fertility rate, the Population Reference
Bureau projects a 2050 world population of over 9.3 billion. Fig-
ure 1.15 illustrates how those people will be distributed by region,
considering differential growth rates from place to place.

Even breaking the world down into regions of continental
scale masks a number of dramatic individual-country cases.
Discussion of these, and of their political, economic, and cul-
tural implications, is well beyond the scope of this chapter, but
consider the following: While the population of Europe is nearly
stable, declining only slightly overall, in many parts of northern
and eastern Europe, precipitous declines are occurring. By
2050, the populations of Russia, Ukraine, and Bulgaria are
expected to drop by 22, 28, and 35 percent, respectively.

16 Section One Foundations

Conversely, parts of the Middle East are experiencing explosive
population growth, with projected increases by 2050 of 26% in
Lebanon, 71% in Syria, 110% in Iraq, and 113% in the Palestin-
ian Territory. The demographics differ widely between coun-
tries, too. Globally, 28% of the population is under 15, and only
7% above age 65. But in Japan, only 13% of the population is
below age 15, with 22% age 65 or older; in Afghanistan, 45%
of people are under 15 and only 2% age 65 or over. Thus, differ-
ent nations face different challenges. Where rapid population
growth meets scarcity of resources, problems arise.

Impacts of the Human Population

The problems posed by a rapidly growing world population
have historically been discussed most often in the context of
food: that is, how to produce sufficient food and distribute it
effectively to prevent the starvation of millions in overcrowded
countries or in countries with minimal agricultural develop-
ment. This is a particularly visible and immediate problem, but
it is also only one facet of the population challenge.

Farmland and Food Supply

Whether or not the earth can support five billion people, or eight,
or eleven, is uncertain. In part, it depends on the quality of life,
the level of technological development, and other standards that
societies wish to maintain. Yet even when considering the most



basic factors, such as food, it is unclear just how many people
the earth can sustain. Projections about the adequacy of food
production, for example, require far more information than just
the number of people to be fed and the amount of available land.
The total arable land (land suitable for cultivation) in the world
has been estimated at 7.9 billion acres, or about 1.2 acres per
person of the present population. The major limitation on this
figure is availability of water, either as rainfall or through irriga-
tion. Further considerations relating to the nature of the soil in-
clude the soil’s fertility, water-holding capacity, and general
suitability for farming. Soil character varies tremendously, and
its productivity is similarly variable, as any farmer can attest.
Moreover, farmland can deteriorate through loss of nutrients and
by wholesale erosion of topsoil, and this degradation must be
considered when making production predictions.

There is also the question of what crops can or should be
grown. Today, this is often a matter of preference or personal taste,
particularly in farmland-rich (and energy- and water-rich) nations.
The world’s people are not now always being fed in the most re-
source-efficient ways. To produce one ton of corn requires about
250,000 gallons of water; a ton of wheat, 375,000 gallons; a ton of
rice, 1,000,000 gallons; a ton of beef, 7,500,000 gallons. Some
new high-yield crop varieties may require irrigation, whereas na-
tive varieties did not. The total irrigated acreage in the world has
more than doubled in three decades. However, water resources are
dwindling in many places; in the future, the water costs of food
production will have to be taken into greater account.

Genetic engineering is now making important contributions
to food production, as varieties are selectively developed for high
yield, disease resistance, and other desirable qualities. These ad-
vances have led some to declare that fears of global food shortages
are no longer warranted, even if the population grows by several
billion more. However, two concerns remain: One, poor nations
already struggling to feed their people may be least able to afford
the higher-priced designer seed or specially developed animal
strains to benefit from these advances. Second, as many small
farms using many, genetically diverse strains of food crops are
replaced by vast areas planted with a single, new, superior variety,
there is the potential for devastating losses if a new pest or disease
to which that one strain is vulnerable enters the picture.

Food production as practiced in the United States is also
a very energy-intensive business. The farming is heavily mech-
anized, and much of the resulting food is extensively processed,
stored, and prepared in various ways requiring considerable en-
ergy. The products are elaborately packaged and often trans-
ported long distances to the consumer. Exporting the same
production methods to poor, heavily populated countries short
on energy and the capital to buy fuel, as well as food, may be
neither possible nor practical. Even if possible, it would sub-
stantially increase the world’s energy demands.

Population and Nonfood Resources

Food is at least a renewable resource. Within a human life span,
many crops can be planted and harvested from the same land and
many generations of food animals raised. By contrast, the

supplies of many of the resources considered in later chapters—
minerals, fuels, even land itself—are finite. There is only so much
oil to burn, rich ore to exploit, and suitable land on which to live
and grow food. When these resources are exhausted, alternatives
will have to be found or people will have to do without.

The earth’s supply of many such materials is severely
limited, especially considering the rates at which these re-
sources are presently being used. Many could be effectively
exhausted within decades, yet most people in the world are
consuming very little in the way of minerals or energy. Current
consumption is strongly concentrated in a few highly industrial-
ized societies. Per-capita consumption of most mineral and en-
ergy resources is higher in the United States than in any other
nation. For the world population to maintain a standard of living
comparable to that of the United States, mineral production
would have to increase about fourfold, on the average. There
are neither the recognized resources nor the production capabil-
ity to maintain that level of consumption for long, and the prob-
lem becomes more acute as the population grows.

Some scholars believe that we are already on the verge of
exceeding the earth’s carrying capacity, its ability to sustain its
population at a basic, healthy, moderately comfortable standard
of living. Estimates of sustainable world population made over
the last few decades range from under 7 billion to over 100 bil-
lion persons. The wide range is attributable to considerable
variations in model assumptions, including standard of living
and achievable productivity of farmland. Certainly, given global
resource availability, even the present world population could
not enjoy the kind of high-consumption lifestyle to which the
average resident of the United States has become accustomed.

It is true that, up to a point, the increased demand for
minerals, fuels, and other materials associated with an increase
in population tends to raise prices and promote exploration for
these materials. The short-term result can be an apparent in-
crease in the resources’ availability, as more exploration leads
to discoveries of more oil fields, ore bodies, and so on. How-
ever, the quantity of each of these resources is finite. The larger
and more rapidly growing the world population, and the faster
its level of development and standard of living rise, the more
rapidly limited resources are consumed, and the sooner those
resources will be exhausted.

Land is clearly a basic resource. Six, nine, or 100 billion
people must be put somewhere. Already, the global average pop-
ulation density is about 49 persons per square kilometer of land
surface (125 persons per square mile), and that is counting all
the land surface, including jungles, deserts, and mountain ranges,
except for the Antarctic continent. The ratio of people to readily
inhabitable land is plainly much higher. Land is also needed for
manufacturing, energy production, transportation, and a variety
of other uses. Large numbers of people consuming vast quanti-
ties of materials generate vast quantities of wastes. Some of
these wastes can be recovered and recycled, but others cannot. It
is essential to find places to put the latter, and ways to isolate the
harmful materials from contact with the growing population.
This effort claims still more land and, often, resources. All of
this is why land-use planning—making the most of every bit of
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Figure 1.16

The landslide hazard to these structures sitting at the foot of steep
slopes in Rio de Janeiro is obvious, but space for building here is
limited.

Photograph © Will and Deni Mcintyre/Getty Images

land available—is becoming increasingly important. At present,
it is too often true that the ever-growing population settles in
areas that are demonstrably unsafe or in which the possible
problems are imperfectly known (figures 1.16 and 1.17).

Uneven Distribution of People and Resources

Even if global carrying capacity were ample in principle, that of
an individual region may not be. None of the resources—Ilivable
land, arable land, energy, minerals, or water—is uniformly
distributed over the earth. Neither is the population (see fig-
ure 1.18). In 2008, the population density in Singapore was
about 17,950 persons per square mile; in Australia, 8.

Many of the most densely populated countries are
resource-poor. In some cases, a few countries control the major
share of one resource. Oil is a well-known example, but there
are many others. Thus, economic and political complications
enter into the question of resource adequacy. Just because one
nation controls enough of some commodity to supply all the
world’s needs does not necessarily mean that the country will
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Figure 1.17

Even where safer land is abundant, people may choose to settle in
hazardous—but scenic—places, such as barrier islands. South Dade
County, Florida.

Photograph © Alan Schein Photography/Corbis

choose to share its resource wealth or to distribute it at modest
cost to other nations. Some resources, like land, are simply not
transportable and therefore cannot readily be shared. Some of
the complexities of global resource distribution will be high-
lighted in subsequent chapters.

Disruption of Natural Systems

Natural systems tend toward a balance or equilibrium among
opposing factors or forces. When one factor changes, compen-
sating changes occur in response. If the disruption of the system
is relatively small and temporary, the system may, in time, return
to its original condition, and evidence of the disturbance will
disappear. For example, a coastal storm may wash away beach
vegetation and destroy colonies of marine organisms living in a
tidal flat, but when the storm has passed, new organisms will
start to move back into the area, and new grasses will take root
in the dunes. The violent eruption of a volcano like Mount Pina-
tubo may spew ash and gases high into the atmosphere, partially
blocking sunlight and causing the earth to cool, but within a few
years, the ash will have settled back to the ground, and normal
temperatures will be restored. Dead leaves falling into a lake
provide food for the microorganisms that within weeks or
months will break the leaves down and eliminate them.

This is not to say that permanent changes never occur in
natural systems. The size of a river channel reflects the maximum
amount of water it normally carries. If long-term climatic or other
conditions change so that the volume of water regularly reaching
the stream increases, the larger quantity of water will, in time,
carve out a correspondingly larger channel to accommodate it.
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Figure 1.18

(A) Global population density, 2000; the darker the shading, the higher the population density. Comparison with the distribution of lights at
night in 2002 (B) shows that overall population density on the one hand, and urbanization/development on the other, are often, but not

always, closely correlated.

(A) Source: Center for International Earth Science Information Network (CIESIN), Columbia University; and Centro Internacional de Agricultura
Tropical (CIAT), Gridded Population of the World (GPW), Version 3. Palisades, NY: CIESIN, Columbia University.

Available at: http://sedac.ciesin.columbia.edu/gpw

(B) Image courtesy C. Mayhew & R. Simmon (NASA/GSFC), NOAA/NGDC, DMSP Digital Archive.

The soil carried downhill by a landslide certainly does not begin
moving back upslope after the landslide is over; the face of the
land is irreversibly changed. Even so, a hillside forest uprooted
and destroyed by the slide may, within decades, be replaced by
new growth in the soil newly deposited at the bottom of the hill.

Human activities can cause or accelerate permanent
changes in natural systems. The impact of humans on the global
environment is broadly proportional to the size of the population,
as well as to the level of technological development achieved.
This can be illustrated especially easily in the context of pollu-
tion. The smoke from one campfire pollutes only the air in the
immediate vicinity; by the time that smoke is dispersed through
the atmosphere, its global impact is negligible. The collective

smoke from a century and a half of increasingly industrialized
society, on the other hand, has caused measurable increases in
several atmospheric pollutants worldwide, and these pollutants
continue to pour into the air from many sources. It was once as-
sumed that the seemingly vast oceans would be an inexhaustible
“sink” for any extra CO, that we might generate by burning fossil
fuels, but decades of steadily climbing atmospheric CO, levels
have proven that in this sense, at least, the oceans are not as large
as we thought. Likewise, six people carelessly dumping wastes
into the ocean would not appreciably pollute that huge volume of
water. The prospect of 6 billion people doing the same thing,
however, is quite another matter. And every hour, now, world
population increases by more than 9000 people.
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Case Study 1

Earth’s Moon

Scientists have long strived to explain the origin of earth’s large and
prominent satellite. Through much of the twentieth century, several
different models competed for acceptance; within the last few decades a
new theory of lunar origin has developed. While a complete discussion
of the merits and shortcomings of these is beyond the scope of this
book, they provide good examples of how objective evidence can
provide support for, or indicate weaknesses in, hypotheses and theories.

Any acceptable theory of lunar origin has to explain a number of
facts. The moon orbits the earth in an unusual orientation (figure 1),
neither circling around earth’s equator nor staying in the plane in which
the planets’ orbits around the sun lie (the ecliptic plane). Its density is
much lower than that of earth, meaning that it contains a much lower
proportion of iron. Otherwise, it is broadly similar in composition to the
earth’s mantle. However, analysis of samples from the Apollo missions
revealed that relative to earth, the moon is depleted not only in most
gases, but also in volatile (easily vaporized) metals such as lead and
rubidium, indicating a hot history for lunar material.

Moon

Figure 1

The older “sister-planet” model proposed that the earth and
moon accreted close together during solar system formation, and that
is how the moon comes to be orbiting the earth. But in that case, why
is the moon not orbiting in the ecliptic plane, and why the significant
chemical differences between the two bodies?

The “fission hypothesis” postulated that the moon was spun off
from a rapidly rotating early earth after earth’s core had been
differentiated, so the moon formed mainly from earth’s mantle. That
would account for the moon’s lower density and relatively lower iron
content. But analyses showed the many additional chemical differences
between the moon and earth’s mantle. Furthermore, calculations show
that a moon formed this way should be orbiting in the equatorial plane,
and that far more angular momentum would be required to make it
happen than is present in the earth-moon system.

A third suggestion was that the moon formed elsewhere in the
solar system and then passed close enough to earth to be “captured” into
orbit by gravity. A major flaw in this idea involves the dynamics necessary

Equatorial

plane
To sun

Summary

The solar system formed over 4% billion years ago. The earth is
unique among the planets in its chemical composition,
abundant surface water, and oxygen-rich atmosphere. The earth
passed through a major period of internal differentiation early in
its history, which led to the formation of the atmosphere and the
oceans. Earth’s surface features have continued to change
throughout the last 4™ billion years, through a series of
processes that are often cyclical in nature, and commonly
interrelated. The oldest rocks in which remains of simple
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organisms are recognized are more than 3 billion years old.
The earliest plants were responsible for the development of
free oxygen in the atmosphere, which, in turn, made it possible
for oxygen-breathing animals to survive. Human-type remains
are unknown in rocks over 3 to 4 million years of age. In a
geologic sense, therefore, human beings are quite a new
addition to the earth’s cast of characters, but they have had a
very large impact. Geology, in turn, can have an equally large
impact on us.



for capture. The moon is a relatively large satellite for a body the size of

earth. For earth'’s gravity to snare it, the rate at which the moon came by
would have to be very, very slow. But earth is hurtling around the sun at

about 107,000 km/hr (66,700 mph), so the probability of the moon

happening by at just the right distance and velocity for capture to occur

is extremely low. Nor does capture account for a hot lunar origin.
So how to explain the moon? The generally accepted theory

for the past two decades (sometimes informally described as the “Big

Whack”) involves collision between the earth and a body about the

about —175°C (—280°F). There is no vegetation or other life. Whether
there is water (in the form of ice buried in the lunar soil), and how much,
is not clear—evidence from lunar satellite surveys is mixed—and just to
bring water to the moon for human use would cost an estimated
$7000-$70,000 per gallon. Many other raw materials would have to be
shipped there as well. Furthermore (as the Apollo astronauts discovered)
the moon presents another special challenge: a surface blanket of
abrasive rock dust, the result of pounding by many meteorites over its
history—dust that can abrade and foul equipment and, if breathed,

size of Mars, whose orbit in the early solar system put it on course to injure lungs. So at least for now, any lunar colony is likely to be very

intercept earth. The tremendous energy of the collision would have

small, and necessarily contained in a carefully controlled environment.

destroyed the impactor and caused extensive heating and melting
on earth, ejecting quantities of vaporized minerals into space around
earth. If this impact occurred after core differentiation, that material
would have come mainly from the mantles of Earth and the impactor.
The orbiting material would have condensed and settled into a
rotating disk of dust that later accreted to form the moon.

This theory, exotic as it sounds, does a better job of accounting
for all the necessary facts. It provides for a (very) hot origin for the
material that became the moon, explaining the loss of volatiles. With
mantle material primarily involved, a resulting lunar composition similar
to that of earth’s mantle is reasonable, and contributions from the
impactor would introduce some differences as well. An off-center hit by
the impactor could easily produce a dust disk (and eventual lunar orbit)
oriented at an angle to both the ecliptic plane and earth’s equatorial
plane. We know that the moon was extensively cratered early in its
history, and accretion of debris from the collision could account for this.
And computer models designed to test the mechanical feasibility of this
theory have shown that indeed, it is physically plausible. So the “Big

Whack”is likely to remain the prevailing theory of lunar origin—until
and unless new evidence is found that does not fit.

Figure 2

The lunar surface is not an environment in which humans could live

The Apollo samples were a very rich source of information on the
moon. Interest in returning humans there, to study and even to live, has

recently been growing. However, the environment is a daunting one
(figure 2). The moon has essentially no atmosphere, to breathe or to
trap heat to moderate surface temperatures, so in sunlight the surface
soars to about 120°C (250°F) and during the lunar night plunges to

outside protective structures, with high energy and resource costs.
Geologist/astronaut Harrison Schmitt, lunar module commander of the
Apollo 17 mission.

Photograph courtesy NASA

The world population, now over 6% billion, might be over
9 billion by the year 2050. Even our present population cannot
entirely be supported at the level customary in the more

Key Terms and Concepts

developed countries, given the limitations of land and resources.
Extraterrestrial resources cannot realistically be expected to
contribute substantially to a solution of this problem.

scientific method 10
theory 10

exponential growth 15
hypothesis 10
mantle 7

carrying capacity 17 doubling time 15
core 7 environmental
crust 7 geology 3
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Exercises

Questions for Review

1.

Describe the process by which the solar system is believed to
have formed, and explain why it led to planets of different
compositions, even though the planets formed simultaneously.

. How old is the solar system? How recently have human beings

come to influence the physical environment?

. Explain how the newly formed earth differed from the earth

we know today.

. What kinds of information are used to determine the internal

composition of the earth?

5. How were the earth’s atmosphere and oceans formed?

10.

1.

. What are the differences among facts, scientific hypotheses,

and scientific theories?

. Many earth materials are transformed through processes that

are cyclical in nature. Describe one example.

. The size of the earth’s human population directly affects the

severity of many environmental problems. Explain this idea in
the context of (a) resources and (b) pollution.

. If earth’s population has already exceeded the planet’s

carrying capacity, what are the implications for achieving a
comfortable standard of living worldwide? Explain.

What is the world’s present population, to the nearest billion?
How do recent population growth rates (over the last few
centuries) compare with earlier times? Why?

Explain the concept of doubling time. How has population
doubling time been changing through history? What is the
approximate doubling time of the world’s population at present?

. What regions of the world currently have the fastest rates of

population growth? The slowest?

. Describe any one of the older theories of lunar origin, and

note at least one fact about the moon that it fails to explain.

* This number is so large that it has been expressed in scientific notation, in terms
of powers of 10. It is equal to 5976 with twenty-one zeroes after it. For comparison,
the land surface area could also have been written as 149 X 10° sg. km, or
149,000 X 10° sq. km, and so on.
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Exploring Further: Working with the Numbers

1. The urgency of population problems can be emphasized by

calculating such “population absurdities” as the time at
which there will be one person per square meter or per
square foot of land and the time at which the weight of
people will exceed the weight of the earth. Try calculating
these “population absurdities” by using the world population
projections from table 1.4 and the following data concerning
the earth:

Mass 5976 X 10" kg*
Land surface area (approx.) 149,000,000 sq. km
Average weight of human body (approx.) 75 kg

. Derive the relation between doubling time and growth rate,

starting from the exponential-growth relation
N — N0 e(G/100)'l’

where N = the growing quantity (number of people, tons of
iron ore consumed annually, dollars in a bank account, or
whatever); N, is the initial quantity at the start of the time
period of interest; G is growth rate expressed in percent per
year, and “percent” means “parts per hundred”; and t is the
time in years over which growth occurs. Keep in mind that
doubling time, D, is the length of time required for N to
double.

. Select a single country or small set of related countries;

examine recent and projected population growth rates in
detail, including the factors contributing to the growth rates
and trends in those rates. Compare with similar information
for the United States or Canada. A useful starting point may
be the latest World Population Data Sheet from the
Population Reference Bureau (www.prb.org).


www.prb.org

Rocks and Minerals—
A First Loo

C onsidering the limited number of chemical elements
in nature, the variety of substances found on earth and
the diversity of their physical properties are astonishing. The
same is true even of just the rocks and minerals. Most of these
are made up of an even smaller subset of elements, yet they
are very diverse in color, texture, and other properties. The
differences in the physical properties of rocks, minerals, and
soils determine their suitability for different purposes—
extraction of water or of metals, construction, manufacturing,

waste disposal, agriculture, and other uses. For this reason, it
is helpful to understand something of the nature of these
materials. Also, each rock contains clues to the kinds of pro-
cesses that formed it and to the geologic setting where it is
likely to be found. For example, we will see that the nature of
a volcano’s rocks may indicate what hazards it presents to us;
our search for new ores or fuels is often guided by an under-
standing of the specialized geologic environments in which
they occur.

The colorful sandstones of Pictured Rocks National Lakeshore are tinted in part by iron and manganese minerals produced by weathering.
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Atoms, Elements, Isotopes, lons,
and Compounds

Atomic Structure

All natural and most synthetic substances on earth are made from
the ninety naturally occurring chemical elements. An atom is the
smallest particle into which an element can be divided while still
retaining the chemical characteristics of that element (see fig-
ure 2.1). The nucleus, at the center of the atom, contains one or
more particles with a positive electrical charge (protons) and
usually some particles of similar mass that have no charge (neu-
trons). Circling the nucleus are the negatively charged electrons.
Protons and neutrons are similar in mass, and together they ac-
count for most of the mass of an atom. The much lighter electrons
are sometimes represented as a “cloud” around the nucleus, as in
figure 2.1, and are sometimes shown as particles, as in figure 2.3.
The —1 charge of one electron exactly balances the + 1 charge of
a single proton.

The number of protons in the nucleus determines what
chemical element that atom is. Every atom of hydrogen con-
tains one proton in its nucleus; every oxygen atom contains
eight protons; every carbon atom, six; every iron atom, twenty-
six; and so on. The characteristic number of protons is the
atomic number of the element.

Elements and Isotopes

With the exception of the simplest hydrogen atoms, all nuclei
contain neutrons, and the number of neutrons is similar to or
somewhat greater than the number of protons. The number of
neutrons in atoms of one element is not always the same. The sum
of the number of protons and the number of neutrons in a nucleus
is the atom’s atomic mass number. Atoms of a given element
with different atomic mass numbers—in other words, atoms with
the same number of protons but different numbers of neutrons—
are distinct isotopes of that element. Some elements have only a

Atom
|

[ 1
Electron cloud made of Nucleus

negatively charged electrons

Proton
(positive charge)

e

Neutron
(no charge)

Figure 2.1

Schematic drawing of atomic structure (greatly enlarged and
simplified). The nucleus is actually only about 1/1000th the overall
size of the atom.
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single isotope, while others may have ten or more. (The reasons
for these phenomena involve principles of nuclear physics and
the nature of the processes by which the elements are produced in
the interiors of stars, and we will not go into them here!)

For most applications, we are concerned only with the
elements involved, not with specific isotopes. When a particular
isotope is to be designated, this is done by naming the element
(which, by definition, specifies the atomic number, or number
of protons) and the atomic mass number (protons plus neu-
trons). Carbon, for example, has three natural isotopes. By far
the most abundant is carbon-12, the isotope with six neutrons in
the nucleus in addition to the six protons common to all carbon
atoms. The two rarer isotopes are carbon-13 (six protons plus
seven neutrons) and carbon-14 (six protons plus eight neutrons).
Chemically, all behave alike. The human body cannot, for in-
stance, distinguish between sugar containing carbon-12 and
sugar containing carbon-13.

Other differences between isotopes may, however, make a
particular isotope useful for some special purpose. Some isotopes
are radioactive, meaning that over time, their nuclei will decay
(break down) into nuclei of other elements, releasing energy.
Each such radioactive isotope will decay at its own specific rate,
which allows us to use such isotopes to date geologic materials
and events, as described in appendix A. A familiar example is
carbon-14, used to date materials containing carbon, including
archeological remains such as cloth, charcoal, and bones. Differ-
ences in the properties of two uranium isotopes are important in
understanding nuclear power options: only one of the two com-
mon uranium isotopes is suitable for use as reactor fuel, and
must be extracted and concentrated from natural uranium as it
occurs in uranium ore. The fact that radioactive elements will
inexorably decay—releasing energy—at their own fixed, con-
stant rates is part of what makes radioactive-waste disposal such
a challenging problem, because no chemical or physical treat-
ment can make those waste isotopes nonradioactive and inert.

lons

In an electrically neutral atom, the number of protons and the
number of electrons are the same; the negative charge of one
electron just equals the positive charge of one proton. Most at-
oms, however, can gain or lose some electrons. When this hap-
pens, the atom has a positive or negative electrical charge and is
called an ion. If it loses electrons, it becomes positively charged,
since the number of protons then exceeds the number of elec-
trons. If the atom gains electrons, the ion has a negative electri-
cal charge. Positively and negatively charged ions are called,
respectively, cations and anions. Both solids and liquids are,
overall, electrically neutral, with the total positive and negative
charges of cations and anions balanced. Moreover, free ions do
not exist in solids; cations and anions are bonded together. In a
solution, however, individual ions may exist and move indepen-
dently. Many minerals break down into ions as they dissolve in
water. Individual ions may then be taken up by plants as nutri-
ents or react with other materials. The concentration of hydro-
gen ions (pH) determines a solution’s acidity.
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Figure 2.2
The periodic table.

The Periodic Table

Some idea of the probable chemical behavior of elements can
be gained from a knowledge of the periodic table (figure 2.2).
The Russian scientist Dmitri Mendeleyev first observed that
certain groups of elements showed similar chemical properties,
which seemed to be related in a regular way to their atomic
numbers. At the time (1869) that Mendeleyev published the first
periodic table, in which elements were arranged so as to reflect
these similarities of behavior, not all elements had even been
discovered, so there were some gaps. The addition of elements
identified later confirmed the basic concept. In fact, some of the
missing elements were found more easily because their proper-
ties could to some extent be anticipated from their expected
positions in the periodic table.

We now can relate the periodicity of chemical behavior
to the electronic structures of the elements. Electrons around
an atom occur in shells of different energies, each of which
can hold a fixed number of electrons. Those elements in the
first column of the periodic table, known as the alkali metals,
have one electron in the outermost shell of the neutral atom.
Thus, they all tend to form cations of +1 charge by losing that
odd electron. Outermost electron shells become increasingly

full from left to right across a row. The next-to-last column,
the halogens, are those elements lacking only one electron in
the outermost shell, and they thus tend to gain one electron to
form anions of charge —1. In the right-hand column are the
inert gases, whose neutral atoms contain all fully filled elec-
tron shells.

The elements that occur naturally on earth have now been
known for decades. Additional new elements must be created,
not simply discovered, because these very heavy elements, with
atomic numbers above 92 (uranium), are too unstable to have
lasted from the early days of the solar system to the present.
Some, like plutonium, are by-products of nuclear-reactor opera-
tion; others are created by nuclear physicists who, in the pro-
cess, learn more about atomic structure and stability.

Compounds

A compound is a chemical combination of two or more chem-
ical elements, bonded together in particular proportions, that
has a distinct set of physical properties (often very different
from those of any of the individual elements in it). In minerals,
most bonds are ionic or covalent, or a mix of the two. In
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Sodium, with 11 protons and electrons, has two filled shells and
one “leftover” electron in its outermost shell. Chlorine can accept
that odd electron, filling its own outermost shell exactly. The
resulting oppositely charged ions attract and bond.

ionic bonding, the bond is based on the electrical attraction
between oppositely charged ions. Bonds between atoms may
also form if the atoms share electrons. This is covalent bonding.
Table salt (sodium chloride) provides a common example of
ionic bonding (figure 2.3). Sodium, an alkali metal, loses its
outermost electron to chlorine, a halogen. The two elements
now have filled electron shells, but sodium is left with a +1 net
charge, chlorine —1. The ions bond ionically to form sodium
chloride. Sodium is a silver metal, and chlorine is a greenish gas
that is poisonous in large doses. When equal numbers of sodium
and chlorine atoms combine to make table salt, or sodium chlo-
ride, the resulting compound forms colorless crystals that do not
resemble either of the component elements.

Minerals—General

Minerals Defined

A mineral is a naturally occurring, inorganic, solid element or
compound with a definite chemical composition and a regular
internal crystal structure. Naturally occurring, as distinguished
from synthetic, means that minerals do not include the thou-
sands of chemical substances invented by humans. Inorganic,
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in this context, means not produced solely by living organisms
or by biological processes. That minerals must be solid means
that the ice of a glacier is a mineral, but liquid water is not.
Chemically, minerals may consist either of one element—Ilike
diamonds, which are pure carbon—or they may be compounds
of two or more elements. Some mineral compositions are very
complex, consisting of ten elements or more. Minerals have a
definite chemical composition or a compositional range within
which they fall. The presence of certain elements in certain
proportions is one of the identifying characteristics of each
mineral. Finally, minerals are crystalline, at least on the micro-
scopic scale. Crystalline materials are solids in which the
atoms or ions are arranged in regular, repeating patterns
(figure 2.4). These patterns may not be apparent to the naked
eye, but most solid compounds are crystalline, and their crystal
structures can be recognized and studied using X rays and other
techniques. Examples of noncrystalline solids include glass
(discussed later in the chapter) and plastic.

Identifying Characteristics of Minerals

The two fundamental characteristics of a mineral that together
distinguish it from all other minerals are its chemical composi-
tion and its crystal structure. No two minerals are identical in
both respects, though they may be the same in one. For exam-
ple, diamond and graphite (the “lead” in a lead pencil) are
chemically the same—both are made up of pure carbon. Their
physical properties, however, are vastly different because of the
differences in their internal crystalline structures. In a diamond,
each carbon atom is firmly bonded to every adjacent carbon
atom in every direction by covalent bonds. In graphite, the car-
bon atoms are bonded strongly in two dimensions into sheets,
but the sheets are only weakly held together in the third dimen-
sion. Diamond is clear, colorless, and very hard, and a jeweler
can cut it into beautiful precious gemstones. Graphite is black,
opaque, and soft, and its sheets of carbon atoms tend to slide
apart as the weak bonds between them are broken.

A mineral’s composition and crystal structure can usually
be determined only by using sophisticated laboratory equip-
ment. When a mineral has formed large crystals with well-
developed shapes, a trained mineralogist may be able to infer
some characteristics of its internal atomic arrangement because
crystals’ shapes are controlled by and related to this atomic
structure, but most mineral samples do not show large symmet-
ric crystal forms by which they can be recognized with the na-
ked eye. Moreover, many minerals share similar external forms,
and the same mineral may show different external forms, though
it will always have the same internal structure (figure 2.5). No
one can look at a mineral and know its chemical composition
without first recognizing what mineral it is. Thus, when scien-
tific instruments are not at hand, mineral identification must
be based on a variety of other physical properties that in some
way reflect the mineral’s composition and structure. These other
properties are often what make the mineral commercially valu-
able. However, they are rarely unique to one mineral and often
are deceptive. A few examples of such properties follow.



Sodium (Na)
Chlorine (Cl)

D
Figure 2.4

(A) Sodium and chloride ions are arranged alternately in the halite
structure. Lines show the cubes that make up the repeating unit of
the crystal structure; the resultant cubic crystal form is shown in (B).
(C) The crystal structure of calcite (calcium carbonate, CaCOs) is a
bit more complex. Here, the atoms have been spread apart so that
the structure is easier to see; again, lines show the shape of the
repeating structural unit of the crystal, which may be reflected in
the external form of calcite crystals (D). (E) Scanning tunneling
microscope image of individual atoms in crystalline silicon. The
diameter of each atom is about 0.00000002 inches. Note the
regular hexagonal arrangement of atoms.

(B) Photograph ©The McGraw-Hill Companies, Inc./Doug Sherman,
photographer. (E) Image courtesy Jennifer MacLeod and Alastair
E McLean, Queen’s University, Canada
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Figure 2.5

Many minerals may share the same external crystal form: (A) galena (PbS) and (B) fluorite (CaF,) form cubes, as do halite (figure 2.4 B) and
pyrite (C). However, these minerals may show other forms; (D), for example, is a distinctive form of pyrite called a pyritohedron.

Photographs (A) and (C) © The McGraw-Hill Companies Inc./Doug Sherman, photographer

Other Physical Properties of Minerals

Perhaps surprisingly, color is often not a reliable guide to min-
eral identification. While some minerals always appear the same
color, many vary from specimen to specimen. Variation in color
is usually due to the presence of small amounts of chemical
impurities in the mineral that have nothing to do with the min-
eral’s basic characteristic composition, and such variation is
especially common when the pure mineral is light-colored or
colorless. The very common mineral quartz, for instance, is
colorless in its pure form. However, quartz also occurs in other
colors, among them rose pink, golden yellow, smoky brown,
purple (amethyst), and milky white. Clearly, quartz cannot al-
ways be recognized by its color, or lack of it.
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Another example is the mineral corundum (figure 2.6A),
a simple compound of aluminum and oxygen. In pure form, it
too is colorless, and quite hard, which makes it a good abrasive.
It is often used for the grit on sandpaper. Yet a little color from
trace impurities not only disguises corundum, it can transform
this utilitarian material into highly prized gems: Traces of chro-
mium produce the deep bluish-red gem we call ruby, while
sapphire is just corundum tinted blue by iron and titanium. The
color of a mineral can vary within a single crystal (figure 2.6B).
Even when the color shown by a mineral sample is the true
color of the pure mineral, it is probably not unique. There are
more than 3500 minerals, so there are usually many of any one
particular color. (Interestingly, streak, the color of the powdered



Figure 2.6

(A) The many colors of these corundum gemstones illustrate why
color is a poor guide in mineral identification. See also figure 2.7B.
(B) If conditions change as a crystal grows, different parts may be
different colors, as in this tourmaline.

mineral as revealed when the mineral is scraped across a piece
of unglazed tile, may be quite different from the color of the
bulk sample, and more consistent for a single mineral. How-
ever, a tile is not always handy, and some samples are too valu-
able to treat this way.)

Hardness, the ability to resist scratching, is another easily
measured physical property that can help to identify a mineral,
although it usually does not uniquely identify the mineral. Clas-
sically, hardness is measured on the Mohs hardness scale
(table 2.1), in which ten common minerals are arranged in order
of hardness. Unknown minerals are assigned a hardness on the
basis of which minerals they can scratch and which minerals
scratch them. A mineral that scratches gypsum and is scratched
by calcite is assigned a hardness of 2¥2 (the hardness of an aver-
age fingernail). Because a diamond is the hardest natural sub-
stance known on earth, and corundum the second-hardest
mineral, these minerals might be identifiable from their hard-
nesses. Among the thousands of “softer” (more readily
scratched) minerals, however, there are many of any particular
hardness, just as there are many of any particular color.

Table 2.1 The Mohs Hardness Scale

Mineral Assigned Hardness
talc 1
gypsum 2
calcite 3
fluorite 4
apatite 5
orthoclase 6
quartz 7
topaz 8
corundum 9
diamond 10

For comparison, the approximate hardnesses of some common objects, measured on the same
scale, are: fingernail, 22; copper penny, 3; glass, 5 to 6; pocketknife blade, 5 to 6.

Not only is the external form of crystals related to their
internal structure; so is cleavage, a distinctive way some miner-
als may break up when struck. Some simply crumble or shatter
into irregular fragments (fracture). Others, however, break
cleanly in certain preferred directions that correspond to planes
of weak bonding in the crystal, producing planar cleavage faces.
There may be only one direction in which a mineral shows good
cleavage (as with mica, discussed later in the chapter), or there
may be two or three directions of good cleavage. Cleavage sur-
faces are characteristically shiny (figure 2.7).

A number of other physical properties may individually
be common to many minerals. Luster describes the appearance
of the surfaces—glassy, metallic, pearly, etc. Some minerals are
noticeably denser than most; a few are magnetic. Only by con-
sidering a whole set of such nonunique properties as color,
hardness, cleavage, density, and others can a mineral be identi-
fied without complex instruments.

Unique or not, the physical properties arising from miner-
als’ compositions and crystal structures are often what give
minerals value from a human perspective—the slickness of talc
(main ingredient of talcum powder), the malleability and con-
ductivity of copper, the durability of diamond, and the rich col-
ors of tourmaline gemstones are all examples. Some minerals
have several useful properties: table salt (halite), a necessary
nutrient, also imparts a taste we find pleasant, dissolves readily
to flavor liquids but is soft enough not to damage our teeth if we
munch on crystals of it sprinkled on solid food, and will serve
as a food preservative in high concentrations, among other help-
ful qualities.

Types of Minerals

As was indicated earlier, minerals can be grouped or subdivided
on the basis of their two fundamental characteristics—
composition and crystal structure. Compositionally, classifica-
tion is typically on the basis of ions or ion groups that a set of
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Figure 2.7

Another relationship between structures and physical properties is cleavage. Because of their internal crystalline structures, many minerals
break apart preferentially in certain directions. (A) Halite has the cubic structure shown in figure 2.4A, and breaks into cubic or rectangular
pieces, cleaving parallel to the crystal faces. (B) Fluorite also forms cubic crystals, but cleaves into octahedral fragments, breaking along

different planes of its internal structure. (Note the variety of colors, too.)

Photograph (A) © The McGraw-Hill Companies Inc./Bob Coyle, photographer; (B) © Charles E. Jones.

minerals have in common. In this section, we will briefly review
some of the basic mineral categories. A comprehensive survey
of minerals is well beyond the scope of this book, and the inter-
ested reader should refer to standard mineralogy texts for more
information. A summary of physical properties of selected min-
erals is found in appendix B.

Silicates

In chapter 1, we noted that the two most common elements in
the earth’s crust are silicon and oxygen. It comes as no surprise,
therefore, that by far the largest compositional group of miner-
als is the silicate group, all of which are compounds containing
silicon and oxygen, and most of which contain other elements
as well. Because this group of minerals is so large, it is subdi-
vided on the basis of crystal structure, by the ways in which the
silicon and oxygen atoms are linked together. The basic build-
ing block of all silicates is a tetrahedral arrangement of four
oxygen atoms (anions) around the much smaller silicon cation
(figure 2.8). In different silicate minerals, these silica tetrahe-
dra may be linked into chains, sheets, or three-dimensional
frameworks by the sharing of oxygen atoms. Some of the phys-
ical properties of silicates and other minerals are closely related
to their crystal structures (see figure 2.9). In general, we need
not go into the structural classes of the silicates in detail. It is
more useful to mention briefly a few of the more common, geo-
logically important silicate minerals.

While not the most common, guartz is probably the best-
known silicate. Compositionally, it is the simplest, containing
only silicon and oxygen. It is a framework silicate, with silica
tetrahedra linked in three dimensions, which helps make it rela-
tively hard and weathering-resistant. Quartz is found in a variety
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Silicon

\Oxygen

Figure 2.8

The basic silica tetrahedron, building block of all silicate minerals. (In
figure 2.9, this group of atoms is represented only by the tetrahedron.)

of rocks and soils. Commercially, the most common use of pure
quartz is in the manufacture of glass, which also consists mostly
of silicon and oxygen. Quartz-rich sand and gravel are used in
very large quantities in construction.

The most abundant group of minerals in the crust is a set
of chemically similar minerals known collectively as the feld-
spars. They are composed of silicon, oxygen, aluminum, and
either sodium, potassium, or calcium, or some combination of
these three. Again, logically enough, these common minerals
are made from elements abundant in the crust. They are used
extensively in the manufacture of ceramics.

Iron and magnesium are also among the more common
elements in the crust and are therefore found in many silicate
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Figure 2.9

Silica tetrahedra link together by sharing oxygen atoms (where the
corners of the tetrahedra meet) to form a variety of structures.
(Pyroxenes and amphiboles are among the ferromagnesian
silicates, described in the text.) Other structural arrangements (such
as stacked rings of tetrahedra) exist, but they are less common.

minerals. Ferromagnesian is the general term used to describe
those silicates—usually dark-colored (black, brown, or green)—
that contain iron and/or magnesium, with or without additional
elements.

Most ferromagnesian minerals weather relatively readily.
Rocks containing a high proportion of ferromagnesian miner-
als, then, also tend to weather easily, which is an important

consideration in construction. Individual ferromagnesian min-
erals may be important in particular contexts. Olivine, a simple
ferromagnesian mineral, is a major constituent of earth’s man-
tle; gem-quality olivines from mantle-derived volcanic rocks
are the semiprecious gem peridot.

Like the feldspars, the micas are another group of several
silicate minerals with similar physical properties, compositions,
and crystal structures. Micas are sheet silicates, built on an
atomic scale of stacked-up sheets of linked silicon and oxygen
atoms. Because the bonds between sheets are relatively weak,
the sheets can easily be broken apart (figure 2.10C).

Clays are another family within the sheet silicates; in
clays, the sheets tend to slide past each other, a characteristic
that contributes to the slippery feel of many clays and related
minerals. Clays are somewhat unusual among the silicates in
that their structures can absorb or lose water, depending on how
wet conditions are. Absorbed water may increase the slippery
tendencies of the clays. Also, some clays expand as they soak
up water and shrink as they dry out. A soil rich in these “expan-
sive clays” is a very unstable base for a building, as we will see
in later chapters. On the other hand, clays also have important
uses, especially in making ceramics and in building materials.
Other clays are useful as lubricants in the muds used to cool the
drill bits in oil-drilling rigs.

A sampling of the variety of silicates is shown in figure 2.10.

Nonsilicates

Just as the silicates, by definition, all contain silicon plus oxy-
gen as part of their chemical compositions, each nonsilicate
mineral group is defined by some chemical constituent or char-
acteristic that all members of the group have in common. Most
often, the common component is the same negatively charged
ion or group of atoms. Discussion of some of the nonsilicate
mineral groups with examples of common or familiar members
of each follows. See also table 2.2.

The carbonates all contain carbon and oxygen combined in
the proportions of one atom of carbon to three atoms of oxygen
(written COs). The carbonate minerals all dissolve relatively eas-
ily, particularly in acids, and the oceans contain a great deal of
dissolved carbonate. Geologically, the most important, most abun-
dant carbonate mineral is calcite, which is calcium carbonate. Pre-
cipitation of calcium carbonate from seawater is a major process
by which marine rocks are formed (see the discussion under “Sed-
iments and Sedimentary Rocks” later in this chapter). Another
common carbonate mineral is dolomite, which contains both cal-
cium and magnesium in approximately equal proportions. Car-
bonates may contain many other elements—iron, manganese, or
lead, for example. The limestone and marble we use extensively
for building and sculpture consist mainly of carbonates, generally
calcite; calcite is also an important ingredient in cement.

The sulfates all contain sulfur and oxygen in the ratio of
1:4 (SOy). A calcium sulfate—gypsum—is the most important, for
it is both relatively abundant and commercially useful, particularly
as the major constituent in plaster of paris. Sulfates of many other
elements, including barium, lead, and strontium, are also found.
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When sulfur is present without oxygen, the resultant min-
erals are called sulfides. A common and well-known sulfide
mineral is the iron sulfide pyrite. Pyrite (figure 2.5C, D) has
also been called “fool’s gold” because its metallic golden color
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Figure 2.10

A collection of silicates: (A) Olivine (light green) in a chunk of mantle
brought toward the surface by volcanic activity—darker flecks are
pyroxene; (B) hornblende, a variety of amphibole; (C) mica, showing
cleavage between sheets of tetrahedra; (D) potassium feldspar; and
(E) quartz.

Photograph (B) and (D) © Doug Sherman/Geofile; (C) © The McGraw-
Hill Companies, Inc./Bob Coyle, photographer.

often deceived early gold miners and prospectors into thinking
they had struck it rich. Pyrite is not a commercial source of iron
because there are richer ores of this metal. Nonetheless, sulfides
comprise many economically important metallic ore minerals.



Table 2.2  Some Nonsilicate Mineral Groups*

Group Compositional Characteristic

carbonates metal(s) plus carbonate (1 carbon + 3 oxygen ions, COs)
sulfates metal(s) plus sulfate (1 sulfur + 4 oxygen ions, SO,)
sulfides metal(s) plus sulfur, without oxygen

oxides metal(s) plus oxygen

hydroxides metal(s) plus hydroxyl (1 oxygen + 1 hydrogen ion, OH)
halides metal(s) plus halogen element (fluorine, chlorine,

bromine, or iodine)

native elements mineral consists of a single chemical element

Examples

calcite (calcium carbonate, CaCO,)

dolomite (calcium-magnesium carbonate, CaMg(COs),)
gypsum (calcium sulfate, with water, CaSO, « 2H,0)

barite (barium sulfate, BaSO,)

pyrite (iron disulfide, FeS,)

galena (lead sulfide, PbS)

cinnabar (mercury sulfide, HgS)

magnetite (iron oxide, Fe;0,)

hematite (ferric iron oxide, Fe,0;)

corundum (aluminum oxide, Al,O3)

spinel (magnesium-aluminum oxide, MgAl,O,)

gibbsite (@aluminum hydroxide, Al(OH);; found in aluminum ore)
brucite (magnesium hydroxide, Mg(OH),; one ore of magnesium)
halite (sodium chloride, NaCl)

fluorite (calcium fluoride, CaF,)

gold (Au), silver (Ag), copper (Cu), sulfur (S), graphite (carbon, C)

*Other groups exist, and some complex minerals contain components of several groups (carbonate and hydroxyl groups, for example).

An example that may be familiar is the lead sulfide mineral
galena, which often forms in silver-colored cubes (figure 2.5A).
The rich lead ore deposits near Galena, Illinois, gave the town
its name. Sulfides of copper, zinc, and numerous other metals
may also form valuable ore deposits (see chapter 13). Sulfides
may also be problematic: when pyrite associated with coal is
exposed by strip-mining and weathered, the result is sulfuric
acid in runoff water from the mine.

Minerals containing just one or more metals combined
with oxygen, and lacking the other elements necessary to clas-
sify them as silicates, sulfates, carbonates, and so forth, are the
oxides. Iron combines with oxygen in different proportions to
form more than one oxide mineral. One of these, magnetite, is,
as its name suggests, magnetic, which is relatively unusual
among minerals. Magnetic rocks rich in magnetite were known
as lodestone in ancient times and were used as navigational aids
like today’s more compact compasses. Another iron oxide, he-
matite, may sometimes be silvery black but often has a red color
and gives a reddish tint to many soils. Iron oxides on Mars’s
surface are responsible for that planet’s orange hue. Many other
oxide minerals also exist, including corundum, the aluminum
oxide mineral mentioned earlier.

Native elements, as shown in table 2.2, are even simpler
chemically than the other nonsilicates. Native elements are
minerals that consist of a single chemical element, and the min-
erals’ names are usually the same as the corresponding ele-
ments. Not all elements can be found, even rarely, as native
elements. However, some of our most highly prized materials,
such as gold, silver, and platinum, often occur as native ele-
ments. Diamond and graphite are both examples of native car-
bon. Sulfur may occur as a native element, either with or without
associated sulfide minerals. Some of the richest copper ores

contain native copper. Other metals that may occur as native
elements include tin, iron, and antimony.

Rocks

A rock is a solid, cohesive aggregate of one or more minerals, or
mineral materials (for example, volcanic glass, discussed later).
This means that a rock consists of many individual mineral
grains (crystals)—not necessarily all of the same mineral—or
crystals plus glass, which are firmly held together in a solid
mass. Because the many mineral grains of beach sand fall apart
when handled, sand is not a rock, although, in time, sand grains
may become cemented together to form a rock. The properties of
rocks are important in determining their suitability for particular
applications, such as for construction materials or for the base of
a building foundation. Each rock also contains within it a record
of at least a part of its history, in the nature of its minerals and in
the way the mineral grains fit together. The three broad catego-
ries of rocks—igneous, sedimentary, and metamorphic—are
distinguished by the processes of their formation. However, they
are also linked, over time, by the rock cycle.

In chapter 1, we noted that the earth is a constantly
changing body. Mountains come and go; seas advance and re-
treat over the faces of continents; surface processes and pro-
cesses occurring deep in the crust or mantle are constantly
altering the planet. One aspect of this continual change is that
rocks, too, are always subject to change. We do not have a
single sample of rock that has remained unchanged since the
earth formed. Therefore, when we describe a rock as being of
a particular type, or give it a specific rock name, it is important
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Case Study 2

Asbestos—a Tangled Topic

Billions of dollars are spent each year on asbestos abatement—
removing and/or isolating asbestos in the materials of schools and
other buildings—much of it mandated by law. The laws are intended to
protect public health. But are they well-considered, and do the resultant
benefits justify the enormous costs?

Asbestos is not a single mineral. To a geologist, the term
describes any of a number of ferromagnesian chain silicates when they
occur in needlelike or fibrous crystal forms. To OSHA (the Occupational
Safety and Health Administration), “asbestos” means one of six very
specific minerals—five of them amphiboles—when they occur in small,
elongated crystals of specific dimensions, and above certain very low
concentration limits in air, abatement is mandatory.

The relevant regulations, first formulated in 1972 and modified
since, were enacted after it was realized that certain lung diseases
occurred much more frequently in workers in the asbestos industry than
in the population at large. Occupational exposure to asbestos had been
associated with later increased incidence of mesothelioma (a type of lung
cancer) and other respiratory diseases, including a scarring of the lungs
called asbestosis. The risks sometimes extended to families of asbestos
workers, exposed secondhand to fibers carried home on clothes, and to
residents of communities where asbestos processing occurred.

However, the precise level of risk, and appropriate exposure
limits, cannot be determined exactly. Most of the diseases caused by
asbestos can be caused, or aggravated, by other agents and activities
(notably smoking) too, and they generally develop long after exposure.
Even for workers in the asbestos industry, the link between asbestos
exposure and lung disease is far from direct. For setting exposure limits
for the general public, it has been assumed that the risk from low,
incidental exposure to asbestos can be extrapolated linearly from the
identified serious effects of high occupational exposures, while there is

actually no evidence that this yields an accurate estimate of the risks
from low exposures. Some advocate what is called the “one-fiber
theory” (really only a hypothesis!)—that if inhaling a lot of asbestos
fibers is bad, inhaling even one does some harm. Yet we are all exposed
to some airborne asbestos fibers from naturally occurring asbestos in
the environment. In fact, measurements have indicated that an adult
breathing typical outdoor air would inhale nearly 4000 asbestos fibers a
day. The problem is very much like that of setting exposure limits for
radiation, discussed in chapter 16, for we are all exposed daily to
radiation from our environment, too.

Moreover, studies have clearly shown that different asbestos
minerals present very different degrees of risk. Mesothelioma is
associated particularly with occupational exposure to the amphibole
crocidolite, “blue asbestos,” and asbestosis with another amphibole,
amosite, “grey asbestos,” mined almost exclusively in South Africa. On the
other hand, the non-amphibole asbestos chrysotile, “white asbestos,”
(figure 1), which represents about 95% of the asbestos used in the United
States, appears to be by far the least hazardous asbestos, and to pose no
significant health threat from incidental exposure in the general public,
even in buildings with damaged, exposed asbestos-containing materials.
So, arguably, chrysotile could be exempted from the abatement
regulations applied outside the asbestos industry proper, with a
corresponding huge reduction in national abatement expenditures.

The case of Libby, Montana, is also interesting. Beginning in
1919, vermiculite (a ferromagnesian sheet silicate; figure 2), used in
insulation and as a soil conditioner, was mined from a deposit near
Libby. Unfortunately, it was found that the vermiculite in that deposit is
associated with asbestos, including tremolite, one of the OSHA-
regulated amphibole-asbestos varieties. Over time, at least 1500 people
became ill, and 200 died, from lung diseases attributed to tremolite

to realize that we are really describing the form it has most
recently taken, the results of the most recent processes act-
ing on it.

For example, as will be described in the following sec-
tion, an igneous rock is one crystallized from molten material,
formed at high temperatures. But virtually any rock can be
melted, and in the process, its previous characteristics may be
obliterated. So when the melt crystallizes, we have an igneous
rock—but what was it before? A sedimentary rock is formed
from sediment, debris of preexisting rocks deposited at low
temperatures at the earth’s surface. But the sediment, in turn, is
derived by weathering—physical and chemical breakdown of
rocks—and a given deposit of sediment may include bits of
many different rocks. (Look closely at beach sand or river
gravel.) The essence of the concept of the rock cycle, explored
more fully at the end of this chapter, is that rocks, far from be-
ing the permanent objects we may imagine them to be, are
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continually being changed by geological processes. Over the
vast span of geologic time, billions of years, a given bit of mate-
rial may have been subject to many, many changes and may
have been part of many different rocks. The following sections
examine in more detail the various types of rock-forming pro-
cesses involved and some of the rocks they form.

Igneous Rocks

At high enough temperatures, rocks and minerals can melt.
Magma is the name given to naturally occurring hot, molten
rock material. Silicates are the most common minerals, so mag-
mas are usually rich in silica. They also contain some dissolved
water and gases and generally have some solid crystals sus-
pended in the melt. An igneous rock is a rock formed by the
solidification and crystallization of a cooling magma. (Igneous
is derived from the Latin term ignis, meaning “fire.”)



asbestos. The mine closed in 1990, EPA moved in in 1999, and cleanup
of the town’s buildings and soils has begun. However, recent geologic
studies have revealed several other pertinent facts: (1) Only about 6% of
the asbestos in the Libby vermiculite deposit is tremolite. Most consists
of chemically similar varieties of amphibole, which might also cause
lung disease but which are not OSHA-regulated. (2) The soils of the town
contain other asbestos that is chemically and mineralogically distinct
from the asbestos of the deposit. (3) The deposit weathers easily, and
lies in hills upstream from Libby. So, not surprisingly, there is deposit-

related asbestos in town soils that clearly predate any mining activity,
meaning that residents could easily have been exposed to deposit-
related asbestos that was unrelated to mining activity.

So—in a case such as Libby, how to assess the responsibility for
the danger, the illnesses, and the cleanup costs? With asbestos abatement
generally, should the regulations be modified to take better account of
what we now know about the relative risks of different asbestos varieties?
Still more broadly, how would you decide when the benefits of such a
regulation justify the costs? (This question will arise again in chapter 19!)

Figure 1

Chrysotile asbestos, or “white asbestos," accounts for about 95% of
asbestos mined and used in the United States.

© The McGraw-Hill Companies Inc./Bob Coyle, photographer

Figure 2

Vermiculite. This sample has been processed for commercial use; it has
been heated to expand the grains, “popping” them apart between
silicate sheets.

Because temperatures significantly higher than those of the
earth’s surface are required to melt silicates, magmas form at some
depth below the surface. The molten material may or may not
reach the surface before it cools enough to crystallize and solidify.
The depth at which a magma crystallizes will affect how rapidly it
cools and the sizes of the mineral grains in the resultant rock.

If a magma remains well below the surface during cool-
ing, it cools relatively slowly, insulated by overlying rock and
soil. It may take hundreds of thousands of years or more to
crystallize completely. Under these conditions, the crystals have
ample time to form and to grow very large, and the rock eventu-
ally formed has mineral grains large enough to be seen indi-
vidually with the naked eye. A rock formed in this way is a
plutonic igneous rock. (The name is derived from Pluto, the
Greek god of the lower world.) Granite is probably the most
widely known example of a plutonic rock (figure 2.11A). Com-
positionally, a typical granite consists principally of quartz and

feldspars, and it usually contains some ferromagnesian miner-
als or other silicates. The proportions and compositions of these
constituent minerals may vary, but all granites show the coarse,
interlocking crystals characteristic of a plutonic rock. Much of
the mass of the continents consists of granite or of rock of gra-
nitic composition.

A magma that flows out on the earth’s surface while still
wholly or partly molten is called lava. Lava is a common prod-
uct of volcanic eruptions, and the term volcanic is given to an
igneous rock formed at or close to the earth’s surface. Magmas
that crystallize very near the surface cool more rapidly. There is
less time during crystallization for large crystals to form from
the magma, so volcanic rocks are typically fine-grained, with
most crystals too small to be distinguished with the naked eye.
In extreme cases, where cooling occurs very fast, even tiny
crystals may not form before the magma solidifies, and its
atoms are frozen in a disordered state. The resulting clear,
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Igneous rocks, crystallized from melts. (A) Granite, a plutonic rock; this sample is the granite of Yosemite National Park. (B) Obsidian (volcanic
glass). (C) Basalt, a volcanic rock. (D) Porphyry, an igneous rock with coarse crystals in a finer matrix.

(A) Photograph by N. K. Huber, USGS Photo Library, Denver, CO; (B), (C), and (D) photographs © The McGraw-Hill Companies Inc./Bob Coyle,

photographer

noncrystalline solid is a natural glass, obsidian (figure 2.11B).
The most common volcanic rock is basalt, a dark rock rich in
ferromagnesian minerals and feldspar (figure 2.11C). The ocean
floor consists largely of basalt. Occasionally, a melt begins to
crystallize slowly at depth, growing some large crystals, and
then is subjected to rapid cooling (following a volcanic erup-
tion, for instance). This results in coarse crystals in a fine-
grained groundmass, a porphyry (figure 2.11D).

Though there are fundamental similarities in the origins
of magmas and volcanic rocks, there are practical differences,
too. Differences in the chemical compositions of magmas lead
to differences in their physical properties, with magmas richer
in silica (SiO,) tending to be more viscous. This, in turn,
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produces differences in the behavior of the volcanoes from
which the magmas erupt, explaining why the Hawaiian volcano
Kilauea erupts so quietly that tourists can almost walk up and
touch the lava flows in safety, while Mount St. Helens and the
Philippine volcano Pinatubo are prone to violent, sudden, and
devastating explosions. Relationships among magma origins,
magma types, and volcanoes’ eruptive styles will be explored
further in chapter 5.

Regardless of the details of their compositions or cooling
histories, all igneous rocks have some textural characteristics in
common. If they are crystalline, their crystals, large or small,
are tightly interlocking or intergrown (unless they are formed
from loose material such as volcanic ash). If glass is present,



crystals tend to be embedded in or closely surrounded by the
glass. The individual crystals tend to be angular in shape, not
rounded. There is usually little pore space, little empty volume
that could be occupied by such fluids as water. Structurally,
most plutonic rocks are relatively strong unless they have been
fractured, broken, or weathered.

Sediments and Sedimentary Rocks

At the lower end of the spectrum of rock-formation temperatures
are the sedimentary rocks. Sediments are loose, unconsolidated
accumulations of mineral or rock particles that have been trans-
ported by wind, water, or ice, or shifted under the influence of
gravity, and redeposited. Beach sand is a kind of sediment; so is
the mud on a river bottom. Soil is a mixture of mineral sediment
and organic matter. Most sediments originate, directly or indi-
rectly, through the weathering of preexisting rocks—either by
physical breakup into finer and finer fragments, or by solution,
followed by precipitation of crystals out of solution. The physi-
cal properties of sediments and soils bear on a broad range of
environmental problems, from the stability of slopes and build-
ing foundations, to the selection of optimal waste-disposal sites,
to how readily water drains away after a rainstorm and therefore
how likely that rain is to produce a flood.

When sediments are compacted or cemented together
into a solid, cohesive mass, they become sedimentary rocks.
The set of processes by which sediments are transformed into
rock is collectively described as lithification (from the Greek
word lithos, meaning “stone”). The resulting rock is generally
more compact and denser, as well as more cohesive, than the
original sediment. Sedimentary rocks are formed at or near the
earth’s surface, at temperatures close to ordinary surface tem-
peratures. They are subdivided into two groups—clastic and
chemical.

Clastic sedimentary rocks (from the Greek word klas-
tos, meaning “broken”) are formed from the products of the
mechanical breakup of other rocks. Natural processes continu-
ally attack rocks exposed at the surface. Rain and waves pound
them, windblown dust scrapes them, frost and tree roots crack
them—these and other processes are all part of the physical
weathering of rocks. In consequence, rocks are broken up into
smaller and smaller pieces and ultimately, perhaps, into indi-
vidual mineral grains. The resultant rock and mineral fragments
may be transported by wind, water, or ice, and accumulate as
sediments in streams, lakes, oceans, deserts, or soils. Later geo-
logic processes can cause these sediments to become lithified.
Burial under the weight of more sediments may pack the loose
particles so tightly that they hold firmly together in a cohesive
mass. Except with very fine-grained sediments, however, com-
paction alone is rarely enough to transform the sediment into
rock. Water seeping slowly through rocks and sediments under-
ground also carries dissolved minerals, which may precipitate
out of solution to bind the sediment particles together with a
natural mineral cement.

Clastic sedimentary rocks are most often named on the
basis of the average size of the particles that form the rock.

Sandstone, for instance, is a rock composed of sand-sized sedi-
ment particles, ¢ to 2 millimeters (0.002 to 0.08 inches) in
diameter. Shale is made up of finer-grained sediments, and the
individual grains cannot be seen in the rock with the naked eye.
Conglomerate is a relatively coarse-grained rock, with frag-
ments above 2 millimeters (0.08 inches) in diameter, and some-
times much larger. Regardless of grain size, clastic sedimentary
rocks tend to have, relatively, considerable pore space between
grains. This is a logical consequence of the way in which these
rocks form, by the piling up of preexisting rock and mineral
grains. Also, as sediment particles are transported by water or
other agents, they may become more rounded and thus not pack
together very tightly or interlock as do the mineral grains in an
igneous rock. Many clastic sedimentary rocks are therefore not
particularly strong structurally, unless they have been exten-
sively cemented.

Chemical sedimentary rocks form not from mechanical
breakup and transport of fragments, but from crystals formed by
precipitation or growth from solution. A common example is
limestone, composed mostly of calcite (calcium carbonate). The
chemical sediment that makes limestone may be deposited from
fresh or salt water; under favorable chemical conditions, thick
limestone beds, perhaps hundreds of meters thick, may form.
Another example of a chemical sedimentary rock is rock salt,
made up of the mineral halite, which is the mineral name for or-
dinary table salt (sodium chloride). A salt deposit may form when
a body of salt water is isolated from an ocean and dries up.

Some chemical sediments have a large biological contri-
bution. For example, many organisms living in water have shells
or skeletons made of calcium carbonate or of silica (SiO,,
chemically equivalent to quartz). The materials of these shells
or skeletons are drawn from the water in which the organisms
grow. In areas where great numbers of such creatures live and
die, the “hard parts”—the shells or skeletons—may pile up on
the bottom, eventually to be buried and lithified. A sequence of
sedimentary rocks may include layers of organic sediments,
carbon-rich remains of living organisms; coal is an important
example, derived from the remains of land plants that flourished
and died in swamps.

Gravity plays a role in the formation of all sedimentary
rocks. Mechanically broken-up bits of materials accumulate
when the wind or water is moving too weakly to overcome
gravity and move the sediments; repeated cycles of transport
and deposition can pile up, layer by layer, a great thickness of
sediment. Minerals crystallized from solution, or the shells of
dead organisms, tend to settle out of the water under the force
of gravity, and again, in time, layer on layer of sediment can
build up. Layering, then, is a very common feature of sedimen-
tary rocks and is frequently one way in which their sedimentary
origins can be identified. Figure 2.12 shows several kinds of
sedimentary rocks. The chapter-opening photograph is also of
sedimentary rock (sandstone).

Sedimentary rocks can yield information about the set-
tings in which the sediments were deposited. For example, the
energetic surf of a beach washes away fine muds and leaves
coarser sands and gravels; sandstone may, in turn, reflect the
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Figure 2.12

Sedimentary rocks, formed at low temperatures. (A) Limestone. (B) The fossils preserved in this limestone are crinoids, ancient echinoderms
related to modern sea urchins and sea stars. (C) Shale. (D) Sandstone (note the rounding of larger grains). (E) Conglomerate, a coarser-grained
rock similar to sandstone; note that many of the fragments here are rocks, not individual mineral grains. (F) Coal seams (dark layers) in a
sequence of sedimentary rocks exposed in a sea cliff in southern Alaska.

Photograph (A) by 1. J. Witkind, USGS Photo Library, Denver, CO. (C) © The McGraw-Hill Companies Inc./Bob Coyle, photographer.
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presence of an ancient beach. Distribution of glacier-deposited
sediments of various ages contributes to our understanding
not only of global climate change but also of plate tectonics
(see chapter 3).

Metamorphic Rocks

The name metamorphic comes from the Greek for “changed
form.” A metamorphic rock is one that has formed from an-
other, preexisting rock that was subjected to heat and/or pres-
sure. The temperatures required to form metamorphic rocks
are not as high as the temperatures at which the rocks would
melt. Significant changes can occur in a solid rock at tempera-
tures well below melting. Heat and pressure commonly cause
the minerals in the rock to recrystallize. The original minerals
may form larger crystals that perhaps interlock more tightly
than before. Also, some minerals may break down completely,
while new minerals form under the new temperature and pres-
sure conditions. Pressure may cause the rock to become
deformed—compressed, stretched, folded, or compacted. All
of this occurs while the rock is still solid; it does not melt dur-
ing metamorphism.

The sources of the elevated pressures and temperatures
of metamorphism are many. An important source of pressure
is simply burial under many kilometers of overlying rock.
The weight of the overlying rock can put great pressure on
the rocks below. One source of elevated temperatures is the
fact that temperatures increase with depth in the earth. In
general, in most places, crustal temperatures increase at the
rate of about 30°C per kilometer of depth (close to 60°F per
mile)—which is one reason deep mines have to be air-
conditioned! Deep in the crust, rocks are subjected to enough
heat and pressure to show the deformation and recrystalliza-
tion characteristic of metamorphism. Another heat source is a
cooling magma. When hot magma formed at depth rises to
shallower levels in the crust, it heats the adjacent, cooler
rocks, and they may be metamorphosed; this is contact meta-
morphism. Metamorphism can also result from the stresses
and heating to which rocks are subject during mountain-
building or plate-tectonic movement. Such metamorphism on
a large scale, not localized around a magma body, is regional
metamorphism.

Any kind of preexisting rock can be metamorphosed.
Some names of metamorphic rocks suggest what the earlier
rock may have been. Metaconglomerate and metavolcanic de-
scribe, respectively, a metamorphosed conglomerate and a
metamorphosed volcanic rock. Quartzite is a quartz-rich meta-
morphic rock, often formed from a very quartz-rich sandstone.
The quartz crystals are typically much more tightly interlocked
in the quartzite, and the quartzite is a more compact, denser, and
stronger rock than the original sandstone. Marble is metamor-
phosed limestone in which the individual calcite grains have
recrystallized and become tightly interlocking. The remaining
sedimentary layering that the limestone once showed may be
folded and deformed in the process, if not completely obliter-
ated by the recrystallization.

Some metamorphic-rock names indicate only the rock’s
current composition, with no particular implication of what it
was before. A common example is amphibolite, which can be
used for any metamorphic rock rich in amphibole. It might have
been derived from a sedimentary, metamorphic, or igneous rock
of appropriate chemical composition; the presence of abundant
metamorphic amphibole indicates moderately intense meta-
morphism, not the previous rock type.

Other metamorphic rock names describe the character-
istic texture of the rock, regardless of its composition. Some-
times the pressure of metamorphism is not uniform in all
directions; rocks may be compressed or stretched in a particu-
lar direction (directed stress). When you stamp on an alumi-
num can before tossing it in a recycling bin, you are technically
subjecting it to a directed stress—vertical compression—and
it flattens in that direction in response. In a rock subjected to
directed stress, minerals that form elongated or platy crystals
may line up parallel to each other. The resultant texture is de-
scribed as foliation, from the Latin for “leaf” (as in the paral-
lel leaves, or pages, of a book). Slate is a metamorphosed
shale that has developed foliation under stress. The resulting
rock tends to break along the foliation planes, parallel to the
alignment of those minerals, and this characteristic makes it
easy to break up into slabs for flagstones. The same character-
istic is observed in schist, a coarser-grained, mica-rich meta-
morphic rock in which the mica flakes are similarly oriented.
The presence of foliation can cause planes of structural weak-
ness in the rock, affecting how it weathers and whether it is
prone to slope failure or landslides. In other metamorphic
rocks, different minerals may be concentrated in irregular
bands, often with darker, ferromagnesian-rich bands alternat-
ing with light bands rich in feldspar and quartz. Such a rock is
called a gneiss (pronounced “nice”). Because such terms as
schist and gneiss are purely textural, the rock name can be
modified by adding key features of the rock composition:
“biotite-garnet schist,” “granitic gneiss,” and so on. Several
examples of metamorphic rocks are illustrated in figure 2.13.

The Rock Cycle

It should be evident from the descriptions of the major rock
types and how they form that rocks of any type can be trans-
formed into rocks of another type or into another distinct rock
of the same general type through the appropriate geologic pro-
cesses. A sandstone may be weathered until it breaks up; its
fragments may then be transported, redeposited, and lithified
to form another sedimentary rock. It might instead be deeply
buried, heated, and compressed, which could transform it into
the metamorphic rock quartzite; or it could be heated until
some or all of it melted, and from that melt, an igneous rock
could be formed. Likewise, a schist could be broken up into
small bits, forming a sediment that might eventually become
sedimentary rock; more-intense metamorphism could trans-
form it into a gneiss; or extremely high temperatures could
melt it to produce a magma from which a granite could crystal-
lize. Crustal rocks can be carried into the mantle and melted;
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Figure 2.13

Metamorphic rocks have undergone mineralogical, chemical, and/
or structural change. (A) Metaconglomerate; note that it has
become so cohesive that the broken surface cuts through the
pebbles rather than breaking around them (as in figure 2.12E).

(B) Quartzite, metamorphosed sandstone. (C) Marble, metamorphosed
limestone; look closely to see the coarse, interlocking crystals of
recrystallized calcium carbonate. (D) Amphibolite (the dark crystals
are amphibole). This sample also contains large crystals of garnet, a
common metamorphic mineral, so it could be called a garnet
amphibolite. (E) Slate. (F) Schist. (G) Gneiss.

(B) © The McGraw-Hill Companies Inc./Bob Coyle, photographer,
(E) photograph by P. D. Rowley, courtesy USGS Photo Library, Denver, CO.



fresh magma cools and crystallizes to form new rock; erosion
and weathering processes constantly chip away at the surface.
Note that the appearance (texture) of a rock can offer a good
first clue to the conditions under which it (last) formed. A more
comprehensive view of the links among different rock types is

Low temperature,
pressure

shown in generalized form in figure 2.14. In chapter 3, we will
look at the rock cycle again, but in a somewhat different way,
in the context of plate tectonics. Most interactions of people
with the rock cycle involve the sedimentary and volcanic com-
ponents of the cycle.

______ Earth’s surface

Me
{y Crys
High temperature,
pressure

Figure 2.14

The rock cycle—a schematic view. Basically, a variety of geologic processes can transform any rock into a new rock of the same or a different class.
The geologic environment is not static; it is constantly changing. The full picture, too, is more complex: any type of rock may be found at the earth's
surface, and weathered; though the melts that form volcanic rocks are created at depth, the melts crystallize into rock near the surface; and so on.

Igneous rock photograph by N. K. Huber, USGS Photo Library, Denver, CO; other photographs © The McGraw-Hill Companies Inc./Doug Sherman, photographer

Summary

The smallest possible unit of a chemical element is an atom.
Isotopes are atoms of the same element that differ in atomic mass
number; chemically, they are indistinguishable. Atoms may
become electrically charged ions through the gain or loss of
electrons. When two or more elements combine chemically in
fixed proportions, they form a compound.

Minerals are naturally occurring inorganic solids, each of
which is characterized by a particular composition and internal
crystalline structure. They may be compounds or single elements.
By far the most abundant minerals in the earth’s crust and mantle
are the silicates. These can be subdivided into groups on the basis
of their crystal structures, by the ways in which the silicon and

oxygen atoms are arranged. The nonsilicate minerals are generally
grouped on the basis of common chemical characteristics.

Rocks are cohesive solids formed from rock or mineral grains
or glass. The way in which rocks form determines how they are
classified into one of three major groups: igneous rocks, formed
from magma; sedimentary rocks, formed from low-temperature
accumulations of particles or by precipitation from solution; and
metamorphic rocks, formed from preexisting rocks through the
application of heat and pressure. Through time, geologic
processes acting on older rocks change them into new and
different ones so that, in a sense, all kinds of rocks are interrelated.
This concept is the essence of the rock cycle.
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Questions for Review

for authenticity; then see the September 2008 issue of Earth

1.

Briefly define the following terms: ion, isotope, compound,
mineral, and rock.

2. What two properties uniquely define a particular mineral?

3. Give the distinctive chemical characteristics of each of the

following mineral groups: silicates, carbonates, sulfides,
oxides, and native elements.

. What is an igneous rock? How do volcanic and plutonic rocks

differ in texture? Why?

5. What are the two principal classes of sedimentary rocks?

. Describe how a granite might be transformed into a

sedimentary rock.

. Name several possible sources of the heat or pressure that can

cause metamorphism. What kinds of physical changes occur

for how experts approached this problem.

. The variety of silicate formulas arises partly from the different

ways the silica tetrahedra are linked. Consider a single
tetrahedron: If the silicon cation has a +4 charge, and the oxygen
anion —2, there must be a net negative charge of —4 on the
tetrahedron as a unit. Yet minerals must be electrically neutral. In
quartz, this is accomplished by the sharing of all four oxygen
atoms between tetrahedra, so only half the negative charge of
each must be balanced by Si**, and there is a net of two oxygen
atoms per Si (SiO,). But in olivine, the tetrahedra share no oxygen
atoms. If the magnesium (Mg) cation has a +2 charge, explain
why the formula for a Mg-rich olivine is Mg,SiO,4. Now consider a
pyroxene, in which tetrahedra are linked in one dimension into
chains, by the sharing of two of the four oxygen atoms. Again

in the rock as a result?
8. What is the rock cycle?

Exploring Further: News, Numbers,
and Your Neighborhood

1. Crystal skulls such as that featured in the movie Indiana Jones

and the Kingdom of the Crystal Skull have been known to

collectors and museums for over a century, but not everyone

has believed in the alleged antiquity, or Mayan origin, of
these artifacts. Think about how you might test such a skull
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using Mg*? for charge-balancing, show that the formula for a
Mg-rich pyroxene would be MgSiO;. Finally, consider the
feldspars. They are framework silicates like quartz, but Al
substitutes for Si* in some of their tetrahedra. Explain how this
allows feldspars to contain some sodium, potassium, or calcium
cations and still remain electrically neutral.

3. What kinds of rocks underlie your region of the country? (Your
local geological survey could assist in providing the
information.) What does this tell about the region’s history?
Are there currently any significant geologic hazards in the
area? Any identified resources?



he processes that shape the earth can be broadly divided

into “internal processes” and “surface processes.” In this

section, we will explore the causes and effects of the for-
mer. While internal processes produce effects at the earth’s
surface—earthquakes and volcanic eruptions are examples—
they are “internal” in the sense that they are mainly caused or
driven, directly or indirectly, by the heat of the earth’s interior.
The surface processes, by contrast, are driven by the external
heat of the sun, which supplies the energy to drive the winds
and power the hydrologic cycle, as well as by gravity. Some
of the earth’s internal heat may be left over from this planet’s
accretion and differentiation, and more heat is continually
produced by the decay of radioactive elements in the earth.

Internal Processes

Plate tectonics, described in detail in chapter 3, provides
the conceptual framework for understanding many aspects of
earthquakes and volcanoes, which are discussed in chapters 4
and 5. We will see that, far from being haphazard occurrences,
most of these phenomena occur in predictable zones on the earth.
They are the logical consequences of the shifting of the earth’s
crust and the resultant creation and destruction of the crust and
underlying uppermost mantle rocks. Knowledge of plate tecton-
ics is not just useful for anticipating volcanic and earthquake
hazards, either. It is also an important aid to understanding how
and where many kinds of mineral deposits are formed, which, in
turn, is helpful in the search for new supplies of limited mineral
resources. ll

Volcanoes bring to the surface materials from the earth's interior. Harrat Khaybar Volcanic Field, western Arabian peninsula. Sand and volcanic
ash account for light colors on left side of image; to the right are dark lava flows. (“Jabal”is Arabic for “mountain.’)

Image courtesy of Earth Sciences and Image Analysis Laboratory, NASA Johnson Space Center.
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Several centuries ago, observers looking at global maps no-
ticed the similarity in outline of the eastern coast of South
America and the western coast of Africa (figure 3.1). In 1855,
Antonio Snider went so far as to publish a sketch showing how
the two continents could fit together, jigsaw-puzzle fashion.
Such reconstructions gave rise to the bold suggestion that per-
haps these continents had once been part of the same landmass,
which had later broken up.

Climatologist Alfred Wegener was struck not only by the
matching coastlines, but by geologic evidence from the
continents. Continental rocks form under a wide range of condi-
tions and yield varied kinds of information. Sedimentary rocks, for
example, may preserve evidence of the ancient climate of the
time and place in which the sediments were deposited. Such evi-
dence shows that the climate in many places has varied widely

Plate Tectonics

through time. We find evidence of extensive glaciation in places
now located in the tropics, in parts of Australia, southern Africa,
and South America (figure 3.2). There are desert sand deposits in
the rocks of regions that now have moist, temperate climates and
the remains of jungle plants in now-cool places. There are coal
deposits in Antarctica, even though coal deposits form from the
remains of a lush growth of land plants. These observations, some
of which were first made centuries ago, cannot be explained as
the result of global climatic changes, for the continents do not all
show the same warming or cooling trends at the same time. How-
ever, climate is to a great extent a function of latitude, which
strongly influences surface temperatures: Conditions are gener-
ally warmer near the equator and colder near the poles. Dramatic
shifts in an individual continent’s climate might result from
changes in its latitude in the course of continental drift.

The Persian Gulf overlies the northern edge of the Arabian Plate, which is being pushed under the Eurasian Plate. Buckling of the Eurasian
Plate parallel to the plate boundary has produced the Zagros Mountains of Iran.

Image courtesy Jeff Schmaltz, MODIS Rapid Response Team, NASA/GSFC.




Figure 3.1

The jigsaw-puzzle fit of South America and Africa suggests that
they were once joined together and subsequently separated by
continental drift. (Blue shaded area is the continental shelf, the

shallowly submerged border of a continent.)

Sedimentary rocks also preserve fossil remains of an-
cient life. Some plants and animals, long extinct, seem to have
lived only in a few very restricted areas, which now are widely
separated geographically on different continents (figure 3.3).
One example is the fossil plant Glossopteris, remains of which
are found in limited areas of widely separated lands including
India, southern Africa, and even Antarctica. The fossils of a
small reptile, Mesosaurus, are similarly dispersed across two
continents. The distribution of these fossils was, in fact, part of
the evidence Wegener cited to support his continental-drift
hypothesis. It is difficult to imagine one distinctive variety of
animal or plant developing simultaneously in two or more
small areas thousands of kilometers apart, or somehow mi-
grating over vast expanses of ocean. (Besides, Glossopteris was
aland plant; Mesosaurus, a freshwater animal.) The idea of con-
tinental drift provided a way out of the quandary. The organ-
ism may have lived in a single, geographically restricted area,
and the rocks in which its remains are now found subsequently
were separated and moved in several different directions by
drifting continents.

Continental reassembly could be refined using details of
continental geology—rock types, rock ages, fossils, ore deposits,
mountain ranges, and so on. If two now-separate continents
were once part of the same landmass, then the geologic features

South
America

Figure 3.2

Glacial deposits across the
southern continents suggest
past juxtaposition. Arrows
indicate directions of ice flow.
After Arthur Holmes,
Principles of Physical
Geology, 2d ed., Ronald
Press, New York, NY, 1965
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South America

[ ] Glossopteris
[ ] Mesosaurus

Figure 3.3

Curious distribution of fossil remains of the fern Glossopteris and
reptile Mesosaurus could be explained most easily by continental drift.

presently found at the margin of one should have counterparts
at the corresponding edge of the other. In short, the geology
should match when the puzzle pieces are reassembled. And it

Plate Tectonics—Underlying
Concepts

As already noted, a major obstacle to accepting the concept of
continental drift was imagining solid continents moving over
solid earth. However, the earth is not rigidly solid from the sur-
face to the center of the core. In fact, a plastic zone lies rela-
tively close to the surface. A thin shell of relatively rigid rock
can move over this plastic layer below. The existence of plates,
and the occurrence of earthquakes in them, reflect the way rocks
respond to stress.

Stress and Strain in Geologic Materials

An object is under stress when force is being applied to it. The
stress may be compressive, tending to squeeze or compress the
object, or it may be tensile, tending to pull the object apart. A
shearing stress is one that tends to cause different parts of the
object to move in different directions across a plane or to slide
past one another, as when a deck of cards is spread out on a ta-
bletop by a sideways sweep of the hand.
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typically does—for example, the Appalachian Mountains of
North America continue into the counterpart Caledonides of
Greenland and the British Isles.

Wegener began to publish his ideas in 1912 and contin-
ued to do so for nearly two decades. He proposed that all the
continental landmasses had once formed a single superconti-
nent, Pangaea (Greek for “all lands”), which had then split
apart, the modern continents moving to their present posi-
tions via a process called continental drift. Several other
prominent scientists found the idea intriguing. However, most
people, scientists and nonscientists alike, had difficulty visual-
izing how something as massive as a continent could possibly
“drift” around on a solid earth, or why it should do so. In other
words, no mechanism for moving continents was apparent.
There were obvious physical objections to solid continents
plowing through solid ocean basins, and there was no evi-
dence of the expected resultant damage in crushed and shat-
tered rock on continents or sea floor. To a great many reputable
scientists, these were insurmountable obstacles to accepting
the idea of continental drift.

As it turns out, additional relevant evidence was simply
undiscovered or unrecognized at the time. Beginning in the
1960s (thirty years after Wegener’s death), data of many differ-
ent kinds began to accumulate that indicated that the conti-
nents have indeed moved. Continental “drift” turned out to be
just one consequence of processes encompassed by a broader
theory known as plate tectonics. Tectonics is the study of large-
scale movement and deformation of the earth’s outer layers.
Plate tectonics relates such deformation to the existence and
movement of rigid “plates” over a weaker, more plastic layer in
the earth’s upper mantle.

Strain is deformation resulting from stress. It may be ei-
ther temporary or permanent, depending on the amount and
type of stress and on the physical properties of the material. If
elastic deformation occurs, the amount of deformation is
proportional to the stress applied (straight-line segments in fig-
ure 3.4), and the material returns to its original size and shape
when the stress is removed. A gently stretched rubber band or
squeezed tennis ball shows elastic behavior. Rocks, too, may
behave elastically, although much greater stress is needed to
produce detectable strain. Once the elastic limit of a material is
reached, the material may go through a phase of plastic defor-
mation with increased stress (dashed section of line B in fig-
ure 3.4). During this stage, relatively small added stresses yield
large corresponding strains, and the changes are permanent: the
material does not return to its original size and shape after re-
moval of the stress. A glassblower, an artist shaping clay, a car-
penter fitting caulk into cracks around a window, and a blacksmith
shaping a bar of hot iron into a horseshoe are all making use of
the plastic behavior of materials. In rocks, folds result from plas-
tic deformation (figure 3.5). A ductile material is one that can
undergo extensive plastic deformation without breaking.
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A stress-strain diagram. Elastic materials deform in proportion to
the stress applied (straight-line segments). A very brittle material
(curve A) may rupture before the elastic limit is reached. Other
materials subjected to stresses above their elastic limits deform
plastically until rupture (curve B).

If stress is increased sufficiently, most solids eventually
break, or rupture. In brittle materials, rupture may occur be-
fore there is any plastic deformation. Brittle behavior is charac-
teristic of most rocks at near-surface conditions. It leads to
faults and fractures (figure 3.6), which will be explored further
in chapter 4. Graphically, brittle behavior is illustrated by line A
in figure 3.4.

Different types of rocks may tend to be more or less
brittle or ductile, but other factors influence their behavior as
well. One is temperature: All else being equal, rocks tend to
behave more plastically at higher temperatures than at lower
ones. The effect of temperature can be seen in the behavior of
cold and hot glass. A rod of cold glass is brittle and snaps
under stress before appreciable plastic deformation occurs,
while a warmed glass rod may be bent and twisted without
breaking. Pressure is another factor influencing rock behav-
ior. Confining pressure is that uniform pressure which sur-
rounds a rock at depth. Higher confining pressure also tends
to promote more-plastic, less-brittle behavior in rocks. Con-
fining pressure increases with depth in the earth, as the weight
of overlying rock increases; temperature likewise generally
increases with depth. Thus, rocks such as the gneiss of figure
2.13G, metamorphosed deep in the crust, commonly show
the folds of plastic deformation.

Rocks also respond differently to different types of
stress. Most are far stronger under compression than under
tension; a given rock may fracture under a tensile stress only
one-tenth as high as the compressive stress required to break
it at the same pressure and temperature conditions. Conse-
quently, the term strength has no single simple meaning when
applied to rocks unless all of these variables are specified.
Even when they are, rocks in their natural settings do not al-
ways exhibit the same behavior as carefully selected samples

Figure 3.5

(A) Folding such as this occurs while rocks are deeper in the crust,
at elevated temperatures and pressures. (B) Closeup view of
banded iron ore shows mainly plastic deformation, the
sedimentary layers having flowed and folded under stress, though
a few layers have broken, showing that they were more brittle.

(A) Photograph by M. R. Mudge, USGS Photo Library, Denver, CO.

tested in the laboratory. The natural samples may be weak-
ened by fracturing or weathering, for example. Several rock
types of quite different properties may be present at the same
site. Considerations such as these complicate the work of the
geological engineer.

Time is a further, very important factor in the physical
behavior of a rock. Materials may respond differently to given
stresses, depending on the rate of stress, the period of time
over which the stress is applied. (This can be seen on a human
timescale in the phenomenon of fatigue: a machine compo-
nent or structural material may fail under stresses well below
its rupture strength if the stress has been applied repeatedly
over a period of time.) A ball of putty will bounce elastically
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Figure 3.6

(A) This large fault in Cook Inlet, Alaska, formed during a collision of
continental landmasses. (B) This rock suffered brittle failure under
stress, which produced a much smaller fault.

(A) Photograph by N. J. Silberling, (B) Photograph by W. B. Hamilton,
both courtesy USGS Photo Library, Denver, CO.

when dropped on a hard surface but deform plastically if
pulled or squeezed more slowly. Rocks can likewise respond
differently depending on how stress is applied, showing elas-
tic behavior if stressed suddenly, as by passing seismic waves
from an earthquake, but ductile behavior in response to
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prolonged stress, as from the weight of overlying rocks or the
slow movements of plates.

Lithosphere and Asthenosphere

The earth’s crust and uppermost mantle are somewhat brittle
and elastic. Together they make up the outer solid layer of the
earth called the lithosphere, from the Greek word lithos,
meaning “rock.” The lithosphere varies in thickness from
place to place on the earth. It is thinnest underneath the
oceans, where it extends to a depth of about 50 kilometers
(about 30 miles). The lithosphere under the continents is both
thicker on average than is oceanic lithosphere, and more vari-
able in thickness, extending in places to about 250 kilometers
(over 150 miles).

The layer below the lithosphere is the asthenosphere,
which derives its name from the Greek word asthenes, mean-
ing “without strength.” The asthenosphere extends to an aver-
age depth of about 300 kilometers (close to 200 miles) in the
mantle. Its lack of strength or rigidity results from a combina-
tion of high temperatures and moderate confining pressures
that allows the rock to flow plastically under stress. Below
the asthenosphere, as pressures increase faster than tempera-
tures with depth, the mantle again becomes more rigid and
elastic.

The asthenosphere was discovered by studying the be-
havior of seismic waves from earthquakes. Its presence makes
the concept of continental drift more plausible. The continents
need not scrape across or plow through solid rock; instead, they
can be pictured as sliding over a softened, deformable layer
underneath the lithospheric plates. The relationships among
crust, mantle, lithosphere, and asthenosphere are illustrated in
figure 3.7.

Recognition of the existence of the plastic asthenosphere
made plate motions more plausible, but it did not prove that
they had occurred. Much additional information had to be ac-
cumulated before the rates and directions of plate movements
could be documented and before most scientists would accept
the concept of plate tectonics.

Locating Plate Boundaries

The distribution of earthquakes and volcanic eruptions indi-
cates that these phenomena are far from uniformly distributed
over the earth (figures 4.7, 5.6). They are, for the most part,
concentrated in belts or linear chains. This is consistent with
the idea that the rigid shell of lithosphere is cracked in places,
broken up into pieces, or plates. The volcanoes and earth-
quakes are concentrated at the boundaries of these lithospheric
plates, where plates jostle or scrape against each other. (The
effect is somewhat like ice floes on an arctic sea: most of the
grinding and crushing of ice and the spurting-up of water from
below occur at the edges of the blocks of ice, while their solid
central portions are relatively undisturbed.) Fewer than a
dozen very large lithospheric plates have been identified
(figure 3.8); as research continues, many smaller ones have
been recognized in addition.
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The outer zones of the earth (not to scale). The terms crust and mantle have compositional implications (see chapter 1); lithosphere and
asthenosphere describe physical properties (the former, elastic and more rigid; the latter, plastic). The lithosphere includes the crust and
uppermost mantle. The asthenosphere lies entirely within the upper mantle. Below it, the rest of the mantle is more rigidly solid again.
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Principal world lithospheric plates. Arrows denote approximate relative directions of plate movement. The types of plate boundaries are

discussed later in the chapter. (The nature of the recently recognized boundary between the Indian and Australian plates is still being determined.)

Source: After W. Hamilton, U.S. Geological Survey
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Plate Tectonics—Accumulating
Evidence

Through the twentieth century, geologists continued to expand
their knowledge of the earth, extending their observations into the
ocean basins and applying new instruments and techniques, such
as measuring magnetism in rocks, or studying the small varia-
tions in local gravitational pull that can provide information about
geology below. Some of the observations proved surprising. Years
passed before it was realized that many of the new observations,
and Wegener’s, could be integrated into one powerful theory.

The Topography of the Sea Floor

Those who first speculated about possible drifting continents
could not examine the sea floor for any relevant evidence. Indeed,
many assumed that the sea floor was simply a vast, monotonous
plain on which sediments derived from the continents accumu-
lated. Once topographic maps of the sea floor became available,
however, a number of striking features were revealed (figure 3.9).
There were long ridges, some thousands of kilometers long and

Figure 3.9

rising as much as 2 kilometers (1.3 miles) above the surrounding
plains, thus rivaling continental mountain ranges in scale. A par-
ticularly obvious example occurs in the Atlantic Ocean, running
north-south about halfway between North and South America to
the west, and Europe and Africa to the east. Some ocean basins
are dotted with hills (most of them volcanoes, as it turns out),
some wholly submerged, others poking above the sea surface as
islands (for example, the Hawaiian Islands). In other places, fre-
quently along the margins of continents, there are trenches sev-
eral kilometers deep. Examples can be seen along the western
edge of South America, just south of the Aleutian Islands, and
east of Japan. Studies of the ages and magnetic properties of
seafloor rocks, as described below, provided the keys to the sig-
nificance of the ocean ridges and trenches.

Magnetism in Rocks—General

The rocks of the ocean floors are rich in ferromagnesian minerals,
and such minerals are abundant in many rocks on the continents as
well. Most iron-bearing minerals are at least weakly magnetic at
surface temperatures. Each magnetic mineral has a Curie tem-
perature, the temperature below which it remains magnetic, but

METERS

Global relief map of the world, including seafloor topography. Note ridges and trenches on the sea floor.

Source: Image courtesy of NOAA/National Geophysical Data Center
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above which it loses its magnetic properties. The Curie temperature
varies from mineral to mineral, but it is always below the mineral’s
melting temperature. A hot magma is therefore not magnetic, but
as it cools and solidifies, and iron-bearing magnetic minerals (par-
ticularly magnetite) crystallize from it, those magnetic crystals
tend to line up in the same direction. Like tiny compass needles,
they align themselves parallel to the lines of force of the earth’s
magnetic field, which run north-south, and they point to the mag-
netic north pole (figure 3.10). They retain their internal magnetic
orientation unless they are heated again. This is the basis for the
study of paleomagnetism, “fossil magnetism” in rocks.

Magnetic north, however, has not always coincided with its
present position. In the early 1900s, scientists investigating the
direction of magnetization of a sequence of volcanic rocks in
France discovered some flows that appeared to be magnetized in
the opposite direction from the rest: their magnetic minerals
pointed south instead of north. Confirmation of this discovery in
many places around the world led to the suggestion in the late
1920s that the earth’s magnetic field had “flipped,” or reversed
polarity; that is, that the north and south poles had switched places.
During the time those surprising rocks had crystallized, a compass
needle would have pointed to the magnetic south pole, not north.

Today, the phenomenon of magnetic reversals is well docu-
mented. Rocks crystallizing at times when the earth’s field was in
the same orientation as it is at present are said to be normally
magnetized; rocks crystallizing when the field was oriented the
opposite way are described as reversely magnetized. Over the
history of the earth, the magnetic field has reversed many times,
at variable intervals. Sometimes, the polarity remained constant
for millions of years before reversing, while other reversals are
separated by only a few tens of thousands of years. Through the
combined use of magnetic measurements and age determinations
on the magnetized rocks, geologists have been able to reconstruct
the reversal history of the earth’s magnetic field in some detail.

The explanation for magnetic reversals must be related to the
origin of the magnetic field. The outer core is a metallic fluid, con-
sisting mainly of iron. Motions in an electrically conducting fluid
can generate a magnetic field, and this is believed to be the origin
of the earth’s field. (The simple presence of iron in the core is not
enough to account for the magnetic field, as core temperatures are
far above the Curie temperature of iron.) Perturbations or changes
in the fluid motions, then, could account for reversals of the field.
The details of the reversal process remain to be determined.

Paleomagnetism and Seafloor Spreading

The ocean floor is made up largely of basalt, a volcanic rock rich
in ferromagnesian minerals. During the 1950s, the first large-
scale surveys of the magnetic properties of the sea floor produced
an entirely unexpected result. As they tracked across a ridge, they
recorded alternately stronger and weaker magnetism below.

At first, this seemed so incredible that it was assumed that
the instruments or measurements were faulty. However, other
studies consistently obtained the same results. For several years,
geoscientists strove to find a convincing explanation for these
startling observations.

Magnetic
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pole
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Figure 3.10

(A) Lines of force of earth’s magnetic field. (B) A magnetized
needle—or magnetic mineral’s magnetism—uwiill dip (be deflected
from the horizontal) more steeply nearer the poles, just as the lines
of force of the earth’s field do.

Then, in 1963, an elegant explanation was proposed by
the team of F. J. Vine and D. H. Matthews, and independently
by L. W. Morley. The magnetic stripes could be explained as a
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result of alternating bands of normally and reversely magnetized
rocks on the sea floor. Adding the magnetism of normally mag-
netized rocks to earth’s current field produced a little stronger
magnetization; reversely magnetized rocks would counter the
earth’s (much stronger) field somewhat, resulting in apparently
lower net magnetic strength.

These bands or “stripes” of normally and reversely magne-
tized rocks were also parallel to, and symmetrically arranged on
either side of, the seafloor ridges. Thus was born the concept of
seafloor spreading, the moving apart of lithospheric plates at the
ocean ridges. If the oceanic lithosphere splits and plates move
apart, a rift in the lithosphere begins to open. But the result is not a
50-kilometer-deep crack. As the plates are pulled apart, astheno-
sphere can flow upward. The resulting release of pressure allows
extensive melting to occur in the asthenosphere, and the magma
rises up into the rift to form new sea floor. As the magma cools and
solidifies to form new basaltic rock, that rock becomes magnetized
in the prevailing direction of the earth’s magnetic field. If the plates
continue to move apart, the new rock will also split and part, mak-
ing way for more magma to form still younger rock, and so on.

If the polarity of the earth’s magnetic field reverses dur-
ing the course of seafloor spreading, the rocks formed after a
reversal are polarized oppositely from those formed before it.
The ocean floor is a continuous sequence of basalts formed over
tens or hundreds of millions of years, during which time there
have been dozens of polarity reversals. The basalts of the sea
floor have acted as a sort of magnetic tape recorder throughout
that time, preserving a record of polarity reversals in the alter-
nating bands of normally and reversely magnetized rocks. The
process is illustrated schematically in figure 3.11.

Age of the Ocean Floor

The ages of seafloor basalts themselves lend further support to
this model of seafloor spreading. Specially designed research
ships can sample sediment from the deep-sea floor and drill into
the basalt beneath.

Midocean ridge
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Figure 3.11

Seafloor spreading leaves a record of bands of normally and
reversely magnetized rocks on the sea floor.

From USGS publication This Dynamic Earth by W. J. Kious and R. I. Tilling
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The time at which an igneous rock, such as basalt, crystal-
lized from its magma can be determined by methods described in
appendix A. When this is done for many samples of seafloor ba-
salt, a pattern emerges. The rocks of the sea floor are youngest
close to the ocean ridges and become progressively older the far-
ther away they are from the ridges on either side (see figure 3.12).
Like the magnetic stripes, the age pattern is symmetric across each
ridge. As seafloor spreading progresses, previously formed rocks
are continually spread apart and moved farther from the ridge,
while fresh magma rises from the asthenosphere to form new lith-
osphere at the ridge. The oldest rocks recovered from the sea floor,
well away from active ridges, are about 200 million years old.

Ages of sediments from the ocean basins reinforce this
age pattern. Logically, sea floor must form before sediment can
accumulate on it, and unless the sediment is disturbed, younger
sediments then accumulate on older ones. When cores of oce-
anic sediment are collected and the ages of the oldest (deepest)
sediments examined, it is found that those deepest sediments are
older at greater distances from the seafloor ridges, and that only
quite young sediments have been deposited close to the ridges.

Polar-Wander Curves

Evidence for plate movements does not come only from the sea
floor. For reasons outlined later in the chapter, much older rocks are
preserved on the continents than in the ocean—some continental
samples are over 4 billion years old—so longer periods of earth
history can be investigated through continental rocks. Studies of
paleomagnetic orientations of continental rocks can span many
hundreds of millions of years and yield quite complex data.

The lines of force of earth’s magnetic field not only run
north-south, they vary in dip with latitude: vertical at the mag-
netic poles, horizontal at the equator, at varying intermediate
dips in between, as was shown in figure 3.10B. When the orien-
tation of magnetic minerals in a rock is determined in three di-
mensions, one can thus determine not only the direction of
magnetic north, but (magnetic) latitude as well, or how far re-
moved that region was from magnetic north at the time the
rock’s magnetism assumed its orientation.

Magnetized rocks of different ages on a single continent
may point to very different apparent magnetic pole positions. The
magnetic north and south poles may not simply be reversed, but
may be rotated or tilted from the present magnetic north and south.
When the directions of magnetization and latitudes of many rocks
of various ages from one continent are determined and plotted on
a map, it appears that the magnetic poles have meandered far over
the surface of the earth—if the position of the continent is as-
sumed to have been fixed on the earth throughout time. The result-
ing curve, showing the apparent movement of the magnetic pole
relative to the continent as a function of time, is called the polar-
wander curve for that continent (figure 3.13). We know now,
however, that it isn’t the poles that have “wandered” so much.

From their discovery, polar-wander curves were puzzling
because there are good geophysical reasons to believe that the
earth’s magnetic poles should remain close to the geographic
(rotational) poles. In particular, the fluid motions in the outer
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Age distribution of the sea floor superimposed on a shaded relief map. (“B.P” means “before present”). Note relative spreading rates of
Mid-Atlantic Ridge (slower) and East Pacific Rise (faster), shown by wider color bands in the Pacific.

Source: Marine Geology and Geophysics Division of the NOAA National Geophysical Data Center
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(A) As rocks crystallize, their magnetic minerals align with the
contemporary magnetic field. But continental movement changes
the relative position of continent and magnetic pole over time.

(B) Assuming a stationary continent, the shifting relative pole
positions would suggest “polar wander." In fact, “polar wander curves”
actually reflect wandering continents, attached to moving plates.
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Examples of polar-wander curves. The apparent position of the
magnetic pole relative to the continent is plotted for rocks of different
ages, and these data points are connected to form the curve for that
landmass. The present positions of the continents are shown for
reference. Polar-wander curves for Africa (solid line) and Arabia (dashed
line) suggest that these landmasses moved quite independently up until
about 250 million years ago, when the polar-wander curves converge.
After M. W. McElhinny, Paleomagnetism and Plate Tectonics. Copyright @
1973 by Cambridge University Press, New York, NY. Reprinted by permission

core that cause the magnetic field could be expected to be
strongly influenced by the earth’s rotation. Modern measure-
ments do indicate some shifting in magnetic north relative to
the north pole (geographic north), but not nearly as much as
indicated by some polar-wander curves.

Additionally, the polar-wander curves for different conti-
nents do not match. Rocks of exactly the same age from two dif-
ferent continents may seem to point to two very different magnetic
poles (figure 3.14). This confusion can be eliminated, however, if
it is assumed that the magnetic poles have always remained close
to the geographic poles but that the continents have moved and
rotated. The polar-wander curves then provide a way to map the
directions in which the continents have moved through time, rela-
tive to the stationary poles and relative to each other.

Efforts to reconstruct the ancient locations and arrange-
ments of the continents have been relatively successful, at least
for the not-too-distant geologic past. It has been shown, for ex-
ample, that a little more than 200 million years ago, there was
indeed a single, great supercontinent, the one that Wegener en-
visioned and named Pangaea. The present seafloor spreading
ridges are the lithospheric scars of the subsequent breakup of
Pangaea (figure 3.15). However, they are not the only kind of
boundary found between plates.

Types of Plate Boundaries

Different things happen at the boundaries between two litho-
spheric plates, depending in part on the relative motions of the
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A 200 million years ago

B 100 million years ago

C Today

Figure 3.15

Reconstructed plate movements during the last 200 million years.
Laurasia and Gondwanaland are names given to the northern and
southern portions of Pangaea, respectively. Although these changes
occur very slowly in terms of a human lifetime, they illustrate the
magnitude of some of the natural forces to which we must adjust.
(A) 200 million years ago. (B) 100 million years ago. (C) Today.

After R. S. Dietz and J. C. Holden, "Reconstruction of Pangaea,” Journal
of Geophysical Research, 75:4939-4956, 1970, copyright by the
American Geophysical Union



plates, and in part on whether continental or oceanic lithosphere
is at the edge of each plate where they meet.

Divergent Plate Boundaries

At a divergent plate boundary, lithospheric plates move apart.
The release of pressure facilitates some melting in the astheno-
sphere, and magma wells up from the asthenosphere, its pas-
sage made easier by deep fractures formed by the tensional
stresses. A great deal of volcanic activity thus occurs at diver-
gent plate boundaries. In addition, the pulling-apart of the plates
of lithosphere results in earthquakes along these boundaries.
Seafloor spreading ridges are the most common type of
divergent boundary worldwide, and we have already noted the
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Narrow sea

formation of new oceanic lithosphere at these ridges. As sea-
water circulates through this fresh, hot lithosphere, it is heated and
reacts with the rock, becoming metal-rich. As it gushes back out
of the sea floor, cooling and reacting with cold seawater, it may
precipitate potentially valuable mineral deposits. Economically
unprofitable to mine now, they may nevertheless prove to be
useful resources for the future.

Continents can be rifted apart, too, and in fact most ocean
basins are believed to have originated through continental rifting, as
shown in figure 3.16. The process may be initiated either by ten-
sional forces pulling the plates apart, or by rising hot asthenosphere
along the rift zone. In the early stages of continental rifting, volca-
noes may erupt along the rift, or great flows of basaltic lava may
pour out through the fissures in the continent. If the rifting continues,
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Figure 3.16
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As continental rifting begins, crust is stretched, thinned, and fractured (A). Eventually, the continental pieces are fully separated, and oceanic
crust is formed between them (B). The ocean basin widens as divergence continues (C).
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Figure 3.17

Continental crust has been rifted, and blocks of crust have dropped
into the gap to form the Afar depression. North-south cracks at
bottom of image are also due to tension and rifting.

Image courtesy NASA and U.S./Japan ASTER Science Team.

a new ocean basin will eventually form between the pieces of
the continent. This is happening now in northeast Africa, where
three rift zones meet in what is called a triple junction. The Afar
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Figure 3.18

depression in Ethiopia (figure 3.17) is, in fact, a rift valley; note
the valley’s parallel edges. Along two branches—which have
formed the Red Sea and the Gulf of Aden—continental separa-
tion has proceeded to the point of formation of oceanic litho-
sphere. More-limited continental rifting, now believed to have
halted, created both the Rio Grande Rift and the zone of weak-
ness in central North America that includes the New Madrid
Fault Zone, still a seismic hazard.

Convergent Plate Boundaries

At a convergent plate boundary, as the name indicates, plates
are moving toward each other. Just what happens depends on what
sort of lithosphere is at the leading edge of each plate; one may
have ocean-ocean, ocean-continent or continent-continent conver-
gence. Continental crust is relatively low in density, so continental
lithosphere is therefore buoyant with respect to the dense, iron-
rich mantle, and it tends to “float” on the asthenosphere. Oceanic
crust is more similar in density to the underlying asthenosphere,
so oceanic lithosphere is less buoyant and more easily forced
down into the asthenosphere as plates move together.

Most commonly, oceanic lithosphere is at the leading
edge of one or both of the converging plates. One plate of oce-
anic lithosphere may be pushed under the other plate and de-
scend into the asthenosphere. This type of plate boundary,
where one plate is carried down below (subducted beneath) an-
other, is called a subduction zone (see figure 3.18A,B). The

(A) At ocean-continent convergence, sea floor is consumed, and volcanoes form on the overriding continent. Here the trench is partially filled by
sediment. (B) Volcanic activity at ocean-ocean convergence creates a string of volcanic islands. (C) Sooner or later, a continental mass on the subducting
plate meets a continent on the overriding plate, and the resulting collision creates a great thickness of continental lithosphere, as in the Himalayas (D).
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Figure 3.18 continued
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nature of subduction zones can be demonstrated in many ways,
a key one of which involves earthquake depths, as described in
chapter 4. As the down-going slab is subjected to higher pres-
sures deeper in the mantle, the rocks may be metamorphosed
into denser ones, and this, in turn, will promote more subduc-
tion as gravity pulls on the denser lithosphere.

The subduction zones of the world balance the seafloor
equation. If new oceanic lithosphere is constantly being created
at spreading ridges, an equal amount must be destroyed some-
where, or the earth would simply keep getting bigger. This “ex-
cess” sea floor is consumed in subduction zones. The subducted
plate is heated by the hot asthenosphere. Fluids are released from
it into the overlying mantle; some of it may become hot enough
to melt; the dense, cold residue eventually breaks off and sinks
deeper into the mantle. Meanwhile, at the spreading ridges, other
melts rise, cool, and crystallize to make new sea floor. So, in a
sense, the oceanic lithosphere is constantly being recycled, which
explains why few very ancient seafloor rocks are known. Subduc-
tion also accounts for the fact that we do not always see the whole
symmetric seafloor-age pattern around a ridge. Consider the East
Pacific Rise (ridge) in figure 3.12. Subduction beneath the
Americas has consumed much of the seafloor east of the rise, so
there is no longer older seafloor east of the rise to correspond to
the older rocks of the northwestern Pacific Ocean floor.

Subduction zones are, geologically, very active places.
Sediments eroded from the continents may accumulate in the
trench formed by the down-going plate, and some of these sedi-
ments may be carried down into the asthenosphere to contribute
to melts being produced there, as described further in chapter 5.
Volcanoes form where molten material rises up through the
overlying plate to the surface. At an ocean-ocean convergence,
the result is commonly a line of volcanic islands, an island arc
(see figure 3.18B). The great stresses involved in convergence
and subduction give rise to numerous earthquakes. The bulk of
mountain building, and its associated volcanic and earthquake
activity, is related to subduction zones. Parts of the world near or
above modern subduction zones are therefore prone to both vol-
canic and earthquake activity. These include the Andes region of
South America, western Central America, parts of the northwest
United States and Canada, the Aleutian Islands, China, Japan,
and much of the rim of the Pacific Ocean basin.

Only rarely is a bit of sea floor caught up in a continent
during convergence and preserved. Most often, the sea floor in
a zone of convergence is subducted and destroyed. The buoyant
continents are not so easily reworked in this way; hence, very
old rocks may be preserved on them. Because all continents are
part of moving plates, sooner or later they all are inevitably
transported to a convergent boundary, as leading oceanic litho-
sphere is consumed.

If there is also continental lithosphere on the plate being
subducted at an ocean-continent convergent boundary, consump-
tion of the subducting plate will eventually bring the continental
masses together (figure 3.18C). The two landmasses collide,
crumple, and deform. One may partially override the other, but the
buoyancy of continental lithosphere ensures that neither sinks
deep into the mantle, and a very large thickness of continent may
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result. Earthquakes are frequent during continent-continent colli-
sion as a consequence of the large stresses involved in the process.
The extreme height of the Himalaya Mountains is attributed to
just this sort of collision. India was not always a part of the Asian
continent. Paleomagnetic evidence indicates that it drifted north-
ward over tens of millions of years until it “ran into” Asia (recall
figure 3.15), and the Himalayas were built up in the process (fig-
ure 3.18D). Earlier, the ancestral Appalachian Mountains were
built in the same way, as Africa and North America converged
prior to the breakup of Pangaea. In fact, many major mountain
ranges worldwide represent sites of sustained plate convergence
in the past, and much of the western portion of North America
consists of bits of continental lithosphere “pasted onto” the conti-
nent in this way (figure 3.19). This process accounts for the juxta-
position of rocks that are quite different in age and geology.

Transform Boundaries

The actual structure of a spreading ridge is more complex than a
single, straight crack. A close look at a mid-ocean spreading
ridge reveals that itis not a continuous rift thousands of kilometers
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A terrane is a region of rocks that share a common history,
distinguished from nearby, but genetically unrelated, rocks.
Geologists studying western North America have identified and
named many different terranes, some of which are shown here. A
terrane that has been shown—often by paleomagnetic
evidence—to have been transported and added onto a continent
from some distance away is called an accreted terrane.

After U.S. Geological Survey Open-File Map 83-716
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long. Rather, ridges consist of many short segments slightly oft-
set from one another. The offset is a special kind of fault, or
break in the lithosphere, known as a transform fault (see fig-
ure 3.20A). The opposite sides of a transform fault belong to two
different plates, and these are moving in opposite directions. As
the plates scrape past each other, earthquakes occur along the
transform fault. Transform faults may also occur between a
trench (subduction zone) and a spreading ridge, or between two
trenches (figure 3.20B), but these are less common.

The famous San Andreas fault in California is an example
of a transform fault. The East Pacific Rise disappears under the
edge of the continent in the Gulf of California. Along the north-
west coast of the United States, subduction is consuming the
small Juan de Fuca Plate (figure 3.8).The San Andreas is the
transform fault between the subduction zone and the spreading
ridge. Most of North America is part of the North American

Rift valley

MidOCean “-dg'e N

= Plate A | plateg

Transform boundary (and fault)

¥ Plate B
~ Riftvalley

Plate B

Figure 3.20

(A) Seafloor spreading-ridge segments are offset by transform
faults. Red asterisks show where earthquakes occur in the ridge
system. (B) Types of transform boundaries. Red segments are
spreading ridges; “sawteeth” point to the overriding plate at a
subduction boundary.

Plate. The thin strip of California on the west side of the San
Andreas fault, however, is moving northwest with the Pacific
Plate. The stress resulting from the shearing displacement
across the fault leads to ongoing earthquake activity.

How Far, How Fast, How
Long, How Come?

Geologic and topographic information together allow us to iden-
tify the locations and nature of the major plate boundaries shown
in figure 3.8. Ongoing questions include the reasons that plates
move, and for how much of geologic history plate-tectonic pro-
cesses have operated. Recent studies have suggested that fea-
tures characteristic of modern plate-tectonic processes (such as
evidence of differential horizontal movements of different conti-
nents, and ancient volcanic rocks and ore deposits with chemis-
try like that of rocks formed in modern subduction zones) can be
documented in rocks at least three billion years old. Long before
Pangaea, then, supercontinents were evidently forming and
breaking up as a consequence of plate-tectonic activity.

Past Motions, Present Velocities

Rates and directions of plate movement have been determined
in a variety of ways. As previously discussed, polar-wander
curves from continental rocks can be used to determine how
the continents have shifted. Seafloor spreading is another way
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Seismic tomography is a technique that uses seismic-wave
velocities to locate areas of colder rock (shown here in blue) and
warmer rock (red). The deep cold rocks in this cross section may be
sunken slabs of cold subducted lithosphere; the warmer columns
at right, mantle plumes.

lat.: =2.5 lon.: 35.0

Image courtesy of Stephen Grand, University of Texas at Austin.

of determining plate movement. The direction of seafloor
spreading is usually obvious: away from the ridge. Rates of
seafloor spreading can be found very simply by dating rocks at
different distances from the spreading ridge and dividing the
distance moved by the rock’s age (the time it has taken to move
that distance from the ridge at which it formed). For example,
if a 10-million-year-old piece of sea floor is collected at a dis-
tance of 100 kilometers from the ridge, this represents an aver-
age rate of movement over that time of 100 kilometers/10
million years. If we convert that to units that are easier to visu-
alize, it works out to about 1 centimeter (a little less than half
an inch) per year.

Another way to monitor rates and directions of plate
movement is by using mantle hot spots. These are isolated
areas of volcanic activity usually not associated with plate
boundaries. They are attributed to rising columns of warm
mantle material (plumes), perhaps originating at the base of
the mantle (figure 3.21). Reduction in pressure as the plume
rises can lead to partial melting, and the resultant magma can
rise up through the overlying plate to create a volcano. If we
assume that mantle hot spots remain fixed in position while
the lithospheric plates move over them, the result should be a
trail of volcanoes of differing ages with the youngest closest
to the hot spot.

A good example can be seen in the north Pacific Ocean
(see figure 3.22). A topographic map shows a V-shaped chain
of volcanic islands and submerged volcanoes. When rocks
from these volcanoes are dated, they show a progression of
ages, from about 75 million years at the northwestern end of
the chain, to about 40 million years at the bend, through pro-
gressively younger islands to the still-active volcanoes of
the island of Hawaii, located at the eastern end of the Hawai-
ian Island group. From the distances and age differences
between pairs of points, we can again determine the rate of
plate motion. For instance, Midway Island and Hawaii are

60 Section Two Internal Processes

Figure 3.22

The Hawaiian Islands and other volcanoes in a chain formed over a
hot spot. Numbers indicate ages of volcanic eruptions, in millions
of years. Movement of the Pacific Plate has carried the older
volcanoes far from the hot spot, now under the active volcanic
island of Hawaii.

Image courtesy of NOAA.

about 2700 kilometers (1700 miles) apart. The volcanoes of
Midway were active about 25 million years ago. Over the
last 25 million years, then, the Pacific Plate has moved over
the mantle hot spot at an average rate of 2700 kilome-
ters/25 million years, or about 11 centimeters (4.3 inches)
per year. The orientation of the volcanic chain shows the di-
rection of plate movement—west-northwest. The kink in the
chain at about 40 million years ago indicates that the direc-
tion of movement of the Pacific Plate changed at that time.
Past plate motions can be quantified using other methods,
too—for example, considering widths of strips of sea floor pro-
duced over different periods of time (recall figure 3.12), or using
points of known age and position along a continent’s polar-
wander curve. Satellite-based technology now allows direct
measurement of modern plate movement (figure 3.23). Looking
at many such determinations from all over the world, geologists
find that average rates of plate motion are 2 to 3 centimeters
(about 1 inch) per year. In a few places, movement at rates over
10 centimeters per year is observed, and, elsewhere, rates may
be slower, but a few centimeters per year is typical. This
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Motion of points on the surface is now measurable directly by satellite using GPS technology.

Image courtesy NASA

seemingly trivial amount of motion does add up through geo-
logic time. Movement of 2 centimeters per year for 100 million
years means a shift of 2000 kilometers, or about 1250 miles!

Why Do Plates Move?

A driving force for plate tectonics has not been definitely
identified. For many years, the most widely accepted explana-
tion was that the plates were moved by large convection cells
slowly churning in the plastic asthenosphere. According to
this model, hot material rises at the spreading ridges; some
magma escapes to form new lithosphere, but the rest of the
rising asthenospheric material spreads out sideways beneath
the lithosphere, slowly cooling in the process. As it flows out-
ward, it drags the overlying lithosphere outward with it, thus
continuing to open the ridges. When it has cooled somewhat,
the flowing material is dense enough to sink back deeper into
the asthenosphere—for example, under subduction zones.
However, the existence of convection cells in the astheno-
sphere has not been proven definitively, even with sophisti-
cated modern tools such as seismic tomography. There is some
question, too, whether flowing asthenosphere could exercise
enough drag on the lithosphere above to propel it laterally and
force it into convergence.

One alternative explanation, for which considerable evi-
dence has accumulated, is that the weight of the dense, down-
going slab of lithosphere in the subduction zone pulls the rest of

the trailing plate along with it, opening up the spreading ridges
so magma can ooze upward. Mantle convection might then re-
sult from lithospheric drag, not the reverse. This is described as
the “slab-pull” model. Another model involves slabs of litho-
sphere “sliding off” the topographic highs formed at spreading
ridges and rift zones by rising warm asthenospheric mantle, and
perhaps dragging some asthenosphere along laterally (“ridge-
push”). Many geoscientists now believe that a combination of
these mechanisms is responsible for plate motion; and there
may be contributions from other mechanisms not yet consid-
ered. That lithospheric motions and flow in the asthenosphere
are coupled seems likely, but which one may drive the other is
still unclear.

Plate Tectonics and the Rock Cycle

In chapter 2, we noted that all rocks may be considered re-
lated by the concept of the rock cycle. We can also look at the
rock cycle in a plate-tectonic context, as illustrated in fig-
ure 3.24. New igneous rocks form from magmas rising out of
the asthenosphere at spreading ridges or in subduction zones.
The heat radiated by the cooling magmas can cause metamor-
phism, with recrystallization at an elevated temperature
changing the texture and/or the mineralogy of the surround-
ing rocks. Some of these surrounding rocks may themselves
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Case Study 3

New Theories for Old—Geosynclines and Plate Tectonics

In the mid-nineteenth century, studies of the Appalachians inspired the
development of a theory of mountain building that would prevail for
over a century. This was the geosyncline theory. A syncline is a trough-
shaped fold in rocks (and this term is still used today). The term
geosyncline was coined to indicate a very large syncline, on the order of
the length of a mountain range. Briefly, the model was as follows:
Mountain ranges began with the development of a geosyncline,
generally at the margin of a continent. The trough deepened as
sediments accumulated in it. The geosyncline was divided into a
miogeosyncline, on the continental side, where sediments that would
become sandstones, shales, and limestones were deposited in relatively
shallow water, and a deeper eugeosyncline, on the oceanic side, in which
a more complex package of materials, including deepwater sediments
and volcanics, was deposited. As the geosyncline deepened, rocks on
the bottom would be metamorphosed and, in the deepest part of the
eugeosyncline, melted. The geosyncline would become unstable;
folding and faulting would occur, melts would rise to form plutonic
rocks deep in the eugeosyncline and to feed volcanoes at the surface.
After a period of such upheaval, the transformed geosyncline would
stabilize, and when the rocks were uplifted, erosion would begin to
shape the topography of the mountain range (figure 1).

Geosyncline theory explained a number of characteristics of the
Appalachians in particular and mountain ranges in general. Many occur
at continental margins. Often, the rock types contained in them are
consistent with having originated as the kinds of sediments and
volcanics described by the theory. Mountains commonly show a more

Figure 1

Uplift and erosion have exposed ridges of weathering-resistant rock
shaped into the great folds that are characteristic of the Appalachians in
Pennsylvania.

NASA Image by Robert Simmon, based on Landsat data from the University of
Maryland Global Land Cover Facility.

intensely metamorphosed and intruded core (the former
eugeosyncline in this model, the depth of which would provide the
necessary heat and pressure for metamorphism and melting) with
less-deformed, less intensely metamorphosed rocks flanking these (the
shallower former miogeosyncline). However, geosyncline theory had
some practical problems. For example, many mountain ranges are in
continental interiors (the Urals and Himalayas, for instance), and it is
much more difficult to explain how a geosyncline could form in the
middle of a continent, given the relative buoyancy of continental crust.
What would push the trough down into the much denser mantle? The
weight of sediment would not be enough, for most sediments are even
less dense—and would therefore be more buoyant—than typical
continental crust. Indeed, this objection applies, to some extent, even
to the formation of geosynclines at continental margins.

Plate-tectonic theory was not developed particularly to explain
mountain-building; it is much broader in scope, as we have seen. Yet it
also succeeds far better than geosyncline theory in accounting for the
formation of mountain ranges. The trench of a subduction zone
provides a site for accumulation of thick sediment, while subduction
provides a mechanism for creating the trench. The magma to feed
volcanoes and form plutonic rocks is generated in the asthenosphere
above the down-going slab. The stresses associated with convergence
and the heat from rising magmas, together with burial, supply the
necessary heat and pressure to account for the metamorphism in
mountain ranges, and the same stresses account for the extensive
folding and faulting. Intracontinental mountain ranges can be
explained as products of continent-continent convergence. And as we
have also seen, plate-tectonic theory is consistent with a wealth of
geologic evidence (much of which was not available to those who first
developed geosyncline theory). So, in the latter third of the twentieth
century, geosyncline theory as a model of mountain building was
abandoned, supplanted by plate tectonics.

In the early twenty-first century, the basic framework of plate
tectonics is well established and accepted, but the theory is not static
in all its details. For example, much current research is being applied to
questions about mantle plumes and hot-spot volcanoes. There is now
paleomagnetic evidence that at least some hot spots are not
stationary, though whether they are deflected by churning mantle or
by some other mechanism is not known. More data from seismic
tomography are needed to document definitively the locations of
mantle plumes and to determine whether they do originate at the
core/mantle boundary as has been suggested previously. At least one
chain of volcanoes formerly attributed to a hot spot has recently been
reinterpreted, using new evidence, as resulting instead from a
progressive crack in the lithosphere that allows small amounts of
asthenospheric melt to reach the seafloor surface. This is the nature of
science: that even a very well-documented theory such as plate
tectonics will continue to be tested by inquiring minds examining new
and existing data, and refined as the data demand new interpretations.

Section Two Internal Processes
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An ocean-continent convergence zone illustrates some of the many ways in which plate-tectonic activity transforms rocks. For example,
continents erode, producing sediment to make sedimentary rocks; asthenosphere melts to make magma to form new igneous rock, as it also
does at spreading ridges. Regional metamorphism can result from heating and increased pressure associated with deep burial, heat from
magmatic activity, and the compressive stress of convergence; close to shallow magma bodies, contact metamorphism may also occur. No
rocks are preserved indefinitely; all are caught up in this cycle of continuous change.

melt to form new igneous rocks. The forces of plate collision
at convergent margins also contribute to metamorphism by
increasing the pressures acting on the rocks. Weathering and
erosion on the continents wear down preexisting rocks of all
kinds into sediment. Much of this sediment is eventually
transported to the edges of the continents, where it is depos-
ited in deep basins or trenches. Through burial under more
layers of sediment, it may become solidified into sedimentary

Summary

rock. Sedimentary rocks, in turn, may be metamorphosed or
even melted by the stresses and the igneous activity at the
plate margins. Some of these sedimentary or metamorphic
materials may also be carried down with subducted oceanic
lithosphere, to be melted and eventually recycled as igneous
rock. Plate-tectonic processes thus play a large role in the
formation of new rocks from old that proceeds continually on
the earth.

Rocks subjected to stress may behave either elastically or
plastically. At low temperatures and confining pressures, they are
more rigid, elastic, and often brittle. At higher temperatures and
pressures, or in response to stress applied gradually over long
periods, they tend more toward plastic behavior.

The outermost solid layer of the earth is the 50- to 100-
kilometer-thick lithosphere, which is broken up into a series of
rigid plates. The lithosphere is underlain by a plastic layer of the

mantle, the asthenosphere, over which the plates can move. This
plate motion gives rise to earthquakes and volcanic activity at the
plate boundaries. At seafloor spreading ridges, which are
divergent plate boundaries, new sea floor is created from magma
rising from the asthenosphere. The sea floor moves in conveyor-
belt fashion, ultimately to be destroyed in subduction zones, a
type of convergent plate boundary, where oceanic lithosphere

is carried down into the asthenosphere. It may eventually be
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remelted, or sink as cold slabs down through the mantle. Magma
rises up through the overriding plate to form volcanoes above the
subduction zone. Where continents ride the leading edges of
converging plates, continent-continent collision may build high
mountain ranges.

Evidence for seafloor spreading includes the age
distribution of seafloor rocks, and the magnetic “stripes” on the
ocean floor. Continental movements can be demonstrated by such
means as polar-wander curves, fossil distribution among different
continents, and evidence of ancient climates revealed in the rock
record, which can show changes in a continent’s latitude. Past
supercontinents can be reconstructed by fitting together modern
continental margins, matching similar geologic features from

Key Terms and Concepts

continent to continent, and correlating polar-wander curves from
different landmasses.

Present rates of plate movement average a few centimeters a
year. One possible driving force for plate tectonics is slow convection in
the asthenosphere; another is gravity pulling cold, dense lithosphere
down into the asthenosphere, dragging the asthenosphere along.
Plate-tectonic processes appear to have been more or less active for
much of the earth’s history. They play an integral part in the rock
cycle—building continents to weather into sediments, carrying rock
and sediment into the warm mantle to be melted into magma that
rises to create new igneous rock and metamorphoses the lithosphere
through which it rises, subjecting rocks to the stress of collision—
assisting in the making of new rocks from old.
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Questions for Review

1. What causes strain in rocks? How do elastic and plastic
materials differ in their behavior?

2. What is plate tectonics, and how are continental drift and
seafloor spreading related to it?

3. Define the terms lithosphere and asthenosphere. Where are the
lithosphere and asthenosphere found?

4. Describe two kinds of paleomagnetic evidence supporting
the theory of plate tectonics.

5. Cite at least three kinds of evidence, other than
paleomagnetic evidence, for the occurrence of plate
tectonics.

6. Explain how a subduction zone forms and what occurs at such
a plate boundary.

7. What brings about continent-continent convergence, and
what happens then?

8. What are hot spots, and how do they help to determine rates
and directions of plate movements?
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9. Describe how convection in the asthenosphere may drive the
motion of lithospheric plates. Alternatively, how might plate
motions churn the plastic asthenosphere?

10. Describe the rock cycle in terms of plate tectonics, making
specific reference to the creation of new igneous,
metamorphic, and sedimentary rocks.

Exploring Further: Terrestrial Numbers,
Lunar Speculation

1. The Atlantic Ocean is approximately 5000 km wide. If each
plate has moved away from the Mid-Atlantic Ridge at an
average speed of 1.5 cm per year, how long did the Atlantic
Ocean basin take to form? What would the spreading rate be
in miles per hour?

2. The moon’s structure is very different from that of earth. For
one thing, the moon has an approximately 1000-kilometer-
thick lithosphere. Would you expect plate-tectonic activity
similar to that on earth to occur on the moon? Why or why
not?



1" The Alaska earthquake on March 27, 1964, commonly re-

ferred to as the‘Good Friday Earthquake, struck at 5:36 p.m.
A few members and staff of the Anchorage Petroleum Club were
preparing for an early dinner. | was one of those members. The
Petroleum Club was located on the top of the Anchorage-Westward
Hotel, a fifteen-story building, which, at the time, was the tallest
building in Anchorage. The outside walls of the dining room were
made up entirely of windows to allow a full view of the mountains
to the east.

“With some preliminary tremors, the earthquake gave warn-
ing to those in the dining room to move away from the windows
just in case it became worse—and it did. There was barely time to
move to the center of the dining room when the first strong shock
hit the building, throwing almost everyone to the floor. For the
next three minutes, due to the extreme swaying, it was impossible
to do anything but remain on the floor. The swaying motion was
so great that from the floor, it seemed that the building was about

Farthquakes

to go over. The noise generated by shock waves hitting the build-
ing sounded like the pounding of a giant sledge hammer.

“After the earthquake, looking down at the Fourth Avenue
area of downtown Anchorage, it was difficult to visualize what
that area had looked like before. For several blocks east of the
hotel the north side of Fourth Avenue had dropped down due to
slumping and sliding during the earthquake.

“The city seemed so quiet. In addition to the visible de-
struction, Anchorage was without water, electric power, and
natural gas. At least it was still daylight, and the temperature
just below freezing.

“Those who could retrieve their belongings from the hotel
proceeded to the YMCA, where they served as volunteers, setting
up dormitories for transients and serving hot coffee and what
food there was on hand. It was the beginning of a long night. The
magnitude-8.4 main shock was followed, over the next 24 hours,
by ten aftershocks that were over magnitude 6.0 on the Richter

Earthquakes cause more than just shaking, and damage can be especially severe in coastal areas. In the 1999 Izmit, Turkey, earthquake, these
buildings in the fishing harbor of Guzelyali slumped into the water. A tsunami caused additional damage, and left a residual layer of oil up to
15 centimeters (6 inches) thick over the harbor; the oil likely came from a refinery fire across the bay.

Photograph by Jose C. Borrero, University of Southern California, courtesy NOAA.
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scale, and by many smaller ones.” (Contributed by Dr. Kenneth G.
Smith, Adjunct Professor, Dallas Baptist University)

Terrifying as the 1964 Alaskan earthquake was, it caused
only 115 deaths and $540 million in property damage. With the
1989 Loma Prieta, California, earthquake, despite the more than
$5 billion in property damage (figure 4.1A), only sixty-three lives
were lost. The 1995 Kobe, Japan, earthquake caused over 5200

deaths, and damages estimated at $95-140 billion (figure 4.1B).
The 2004 Sumatran earthquake claimed nearly 300,000 lives. A
sampling of historic earthquakes is presented in table 4.1 The
casualties and the property damage from earthquakes result
from a variety of causes. This chapter reviews the causes and
effects of earthquakes and explores how their devastation can
be minimized.

Figure 4.1

(A) Damage from the 1989 Loma Prieta earthquake in California: collapse of -880, Oakland, California. (B) Overturned section of Hanshin
Expressway, eastern Kobe, Japan. This expressway was built in the 1960s to then-existing seismic-design standards. Elevated freeways are
common space-saving devices in densely populated areas.

(A) Photograph by D. Keefer, from U.S. Geological Survey Open-File Report 89-687. (B) Photograph by Christopher Rojahn, Applied Technology Council

Table 4.1 Selected Major Historic Earthquakes

Year Location

342 Turkey

365 Crete: Knossos
856 Iran

1290 China

1456 Italy

1556 China: Shensi
1667 USSR: Shemakh
1693 Italy, Sicily
1703 Japan

1737 India: Calcutta
1755 Portugal: Lisbon
1780 Iran: Tabriz
1850 China

1854 Japan

1857 Italy: Campania
1868 Peru, Chile
1906 United States: San Francisco
1906 Ecuador

1908 Italy: Calabria
1920 China: Kansu
1923 Japan: Tokyo
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Magnitude” Deaths Damages’
40,000
50,000
200,000
6.75 100,000
(XI) 40,000"
(X1) 830,000
6.9 80,000
100,000 $5-25 million
8.2 200,000 $5-25 million
300,000 $1-5 million
(XI) 62,000
100,000
(X) 20,600
8.4 3200
6.5 12,000
8.5 52,000 $300 million
8.3 700
8.8 1000
7.5 58,000
8.5 200,000
8.3 143,000 $2.8 billion
Continued



Table 4.1 Continued

Year Location

1933 Japan

1939 Chile

1939 Turkey

1960 Chile

1964 Alaska

1967 Venezuela

1970 N. Peru

1971 United States: San Fernando, California
1972 Nicaragua

1976 Guatemala

1976 NE Italy

1976 China: Tangshan

1978 Iran

1983 Turkey

1985 Chile

1985 SE Mexico

1988 Afghanistan

1989 United States: Loma Prieta, California
1990 Iran

1994 United States: Northridge, California
1995 Japan: Kobe

1998 Afghanistan

1999 Turkey: lzmit

1999 Taiwan

2001 Northwestern India (Gujarat)

2001 El Salvador and off coast (2 events)
2001 United States: Washington State
2002 Afghanistan (2 events)

2002 United States: Central Alaska

2004 Northern Sumatra

2005 Northern Sumatra

2005 Pakistan

2006 Indonesia: Java

2008 China: Sichuan

2008 Pakistan

Magnitude” Deaths Damages’
8.9 3000"
8.3 28,000 $100 million
79 30,000
9.5 5700 $675 million
9.2 115 $540 million
7.5 1100 over $140 million
7.8 66,800 $250 million
6.4 60 $500 million
6.2 5000 $800 million
75 23,000 $1.1 billion
6.5 1000 $8 billion
8.0 655,000
7.4 20,000
6.9 2700
7.8 177 $1.8 billion
8.1 5600" $5-25 million
6.8 25,000
7.1 63 $5.6-7.1 billion
6.4 40,000" over $7 million
6.8 57 $13-20 billion
7.2 5200" $95-140 billion
6.9 4000
7.6 17,000 $3-6.5 billion
7.7 2300 $14 billion
7.7 20,000 $1.3-5 billion
6.6,7.6 1160 $2.8 billion
6.8 0 $1-4 billion
7.4,6.1 1150
79 0
9.1 283,000"
8.6 1300
7.6 86,000"
6.3 5750 $3.1 billion
7.9 87,650 $86 billion
6.4 166

Note: This table is not intended to be a complete or systematic compilation but to give examples of major damaging earthquakes in history.

Primary source (pre-1988 entries): Catalog of Significant Earthquakes 2000 B.c.—1979 and supplement to 1985, World Data Center A, Report SE-27. Later data from National Earthquake Information Center.

*Where actual magnitude is not available, maximum Mercalli intensity is sometimes given in parentheses (see table 4.3). Earlier magnitudes are Richter magnitudes; for most recent events, and 1960 Chilean

and 1964 Alaskan quakes, moment magnitudes are given.

Estimated in 1979 dollars for pre-1980 entries. In many cases, precise damages are unknown.

Earthquakes—Terms
and Principles

Basic Terms

Major earthquakes dramatically demonstrate that the earth is a
dynamic, changing system. Earthquakes, in general, represent a
release of built-up stress in the lithosphere. They occur along

faults, planar breaks in rock along which there is displacement
of one side relative to the other. Sometimes, the stress produces
new faults or breaks; sometimes, it causes slipping along old,
existing faults. When movement along faults occurs gradually
and relatively smoothly, it is called creep (figure 4.2). Creep—
sometimes termed aseismic slip, meaning fault displacement
without significant earthquake activity—can be inconvenient
but rarely causes serious damage.
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Figure 4.2

Walls of a culvert at the Almaden Winery that straddles the San
Andreas fault are being offset by about 1.5 cm/yr by creep along
the fault. Photos were taken in 1986 (top) and 1990 (bottom).

Photographs by Joe Dellinger, courtesy NOAA.

When friction between rocks on either side of a fault pre-
vents the rocks from slipping easily or when the rock under stress
is not already fractured, some elastic deformation will occur be-
fore failure. When the stress at last exceeds the rupture strength
of the rock (or the friction along a preexisting fault), a sudden
movement occurs to release the stress. This is an earthquake, or
seismic slip. With the sudden displacement and associated stress
release, the rocks snap back elastically to their previous dimen-
sions; this behavior is called elastic rebound (figure 4.3; recall
the discussion of elastic behavior from chapter 3).

Faults come in all sizes, from microscopically small to
thousands of kilometers long. Likewise, earthquakes come in
all sizes, from tremors so small that even sensitive instruments
can barely detect them, to massive shocks that can level cities.
(Indeed, the “aseismic” movement of creep is actually charac-
terized by many microearthquakes, so small that they are typ-
ically not felt at all.) The amount of damage associated with

68 Section Two Internal Processes

Fault

Stress begins;
fault is locked;
elastic deformation
begins.

i

N 4
Stress builds; N
i \ N
deformatlon ——
continues.
N 4
Fault slips;

stress released;
rocks return

to unstressed
dimensions.

Figure 4.3

The phenomenon of elastic rebound: After the fault slips, the rocks
spring back elastically to an undeformed condition. A rubber band
stretched to the point of breaking shows similar behavior: after
rupture, the fragments return to their original dimensions.

an earthquake is partly a function of the amount of accumu-
lated energy released as the earthquake occurs.

The point on a fault at which the first movement or break
occurs during an earthquake is called the earthquake’s focus, or
hypocenter (figure 4.4). In the case of a large earthquake, for
example, a section of fault many kilometers long may slip, but
there is always a point at which the first movement occurred,
and this point is the focus. Earthquakes are sometimes char-
acterized by their focal depth, with those having a focus at
0-70 km depth described as “shallow”; those with focal depth
in the 70-350 km range, “intermediate”’; and those with focus at
350-700 km, deep.” (Note, therefore, that even the so-called
deep-focus earthquakes are confined to the upper mantle.) The
point on the earth’s surface directly above the focus is called the



Fault scarp

Fault
plane

Figure 4.4

Simplified diagram of a fault, showing the focus, or hypocenter (point
of first break along the fault), and the epicenter (point on the surface
directly above the focus). Seismic waves dissipate the energy released
by the earthquake as they travel away from the fault zone. Fault scarp
is cliff formed along the fault plane at ground surface; fault trace is the
line along which the fault plane intersects the ground surface.

epicenter. When news accounts tell where an earthquake
occurred, they report the location of the epicenter.

Faults are sometimes described in terms of the nature of
the displacement—how the rocks on either side move relative
to each other—which commonly reflects the nature of the
stresses involved. Certain types of faults are characteristic of
particular plate-tectonic settings. In describing the orienta-
tion of a fault (or other planar feature, such as a layer of
sedimentary rock), geologists use two measures (figure 4.5).

Horizontal
plane

Figure 4.5

Strike and dip of a plane. Note that the dip direction is the direction
in which water would run down the sloping plane. This particular
plane (bed) would be described as having a north-south strike and
dipping 30° west.

The strike is the compass orientation of the line of intersec-
tion of the plane of interest with the earth’s surface (e.g., the
fault trace in figure 4.4). The dip of the fault is the angle the
plane makes with the horizontal, a measure of the steepness
of slope of the plane.

A strike-slip fault, then, is one along which the displace-
ment is parallel to the strike (horizontal). A transform fault is a
type of strike-slip fault and reflects stresses acting horizontally.
The San Andreas is a strike-slip fault. A dip-slip fault is one in
which the displacement is vertical, up or down in the direction
of dip. A dip-slip fault in which the block above the fault has
moved down relative to the block below (as in figure 4.4) is
called a normal fault. Rift valleys, whether along seafloor
spreading ridges or on continents, are commonly bounded by
steeply sloping normal faults, resulting from the tensional stress
of rifting (recall figures 3.15 and 3.16). A dip-slip fault in which
the block above has moved up relative to the block below the
fault is a reverse fault, and indicates compressional stress rather
than tension. Convergent plate boundaries are often character-
ized by thrust faults, which are just reverse faults with rela-
tively shallowly dipping fault planes (figure 4.6)

Earthquake Locations

As shown in figure 4.7, the locations of major earthquake epi-
centers are concentrated in linear belts. These belts correspond
to plate boundaries; recall figure 3.8. Not all earthquakes oc-
cur at plate boundaries, but most do. These areas are where
plates jostle, collide with, or slide past each other, where rela-
tive plate movements may build up very large stresses, where
major faults or breaks may already exist on which further
movement may occur. (On the other hand, intraplate earth-
quakes certainly occur and may be quite severe, as explored
later in the chapter.)

A map showing only deep-focus earthquakes would look
somewhat different: the spreading ridges would have disap-
peared, while subduction zones would still show by their fre-
quent deeper earthquakes. The explanation is that earthquakes
occur in the lithosphere, where rocks are elastic, capable of stor-
ing energy as they deform and then rupturing or slipping sud-
denly. In the plastic asthenosphere, material simply flows under
stress. Therefore, the deep-focus earthquakes are concentrated

Surface trace of fault

Figure 4.6

Along a thrust fault, compressional stress (indicated by red arrows)
pushes one block up and over the other.
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Figure 4.7
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World seismicity, 1979-1995. Color of symbol indicates depth of focus. Image courtesy of U.S. Geological Survey

in subduction zones, where elastic lithosphere is pushed deep
into the mantle.

It was, in fact, the distribution of earthquake foci at sub-
duction boundaries that helped in the recognition of the subduc-
tion process. Look, for example, at the northern and western
margins of the Pacific Ocean in figure 4.7. Adjacent to each
seafloor trench is a region in which earthquake foci are progres-
sively deeper with increasing distance from the trench. A simi-
lar distribution is seen along the west side of Central and South
America. This pattern is called a Benioff zone, named for the
scientist who first mapped extensively these dipping planes of
earthquake foci that we now realize reveal subducting plates.

Seismic Waves and
Earthquake Severity

Seismic Waves

When an earthquake occurs, it releases the stored-up energy
in seismic waves that travel away from the focus. There are
several types of seismic waves. Body waves (P waves and S
waves) travel through the interior of the earth. P waves are
compressional waves. As P waves travel through matter, the
matter is alternately compressed and expanded. P waves
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travel through the earth, then, much as sound waves travel
through air. A compressional sort of wave can be illustrated
with a Slinky® toy by stretching the coil to a length of ten
feet or so along a smooth surface, holding one end in place,
pushing in the other end suddenly, and then holding that end
still also. A pulse of compressed coil travels away from the
end moved. S waves are shear waves, involving a side-to-side
motion of molecules. Shear-type waves can also be demon-
strated with a Slinky® by stretching the coil out along the
ground as before, but this time twitching one end of the coil
sideways (perpendicular to its length). As the wave moves
along the length of the Slinky®, the loops of coil move side-
ways relative to each other, not closer together and farther
apart as with the compressional wave. (The shearing motion
need not be horizontal; it is simply easier to manipulate the
Slinky® as it rests on the ground.) See also figure 4.8.
Seismic surface waves are somewhat similar to surface
waves on water, discussed in chapter 7. That is, they cause
rocks and soil to be displaced in such a way that the ground
surface ripples or undulates. Surface waves also come in two
types: Some cause vertical ground motions, like ripples on a
pond, while others cause horizontal shearing motions. The
surface waves are larger in amplitude—amount of ground
displacement—than the body waves from the same earth-
quake. Therefore, most of the shaking and resultant structural
damage from earthquakes is caused by the surface waves.



Undisturbed

Rayleigh wave

Figure 4.8
P waves and S waves are types of seismic body waves; Love and

Rayleigh waves are surface waves that differ in the type of ground
motion they cause.

Locating the Epicenter

Earthquake epicenters can be located using seismic body waves.
Both types of body waves cause ground motions that are detect-
able using a seismograph. P waves travel faster through rocks
than do S waves. Therefore, at points some distance from the
scene of an earthquake, the first P waves arrive somewhat be-
fore the first S waves; indeed, the two types of body waves are
actually known as primary and secondary waves, reflecting
these arrival-time differences.

The difference in arrival times of the first P and S waves is
a function of distance to the earthquake’s epicenter. The effect can
be illustrated by considering a pedestrian and a bicyclist traveling
the same route, starting at the same time. Assuming that the cyclist
can travel faster, he or she will arrive at the destination first. The
longer the route to be traveled, the greater the difference in time
between the arrival of the cyclist and the later arrival of the pedes-
trian. Likewise, the farther the receiving seismograph is from the
earthquake epicenter, the greater the time lag between the first
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Figure 4.9

Use of seismic waves in locating earthquakes. (A) Difference in
times of first arrivals of P waves and S waves is a function of the
distance from the earthquake focus. This seismogram has a
difference in arrival times of 8 minutes; the earthquake occurred
about 5500 km away. (B) Triangulation using data from several
seismograph stations allows location of an earthquake’s
epicenter: If the epicenter is 1350 km from San Francisco, it is on
a circle of that radius around the city. If it is also found to be
1900 km from Dallas, it must fall at one of only two points. If it is
further determined to be 2400 km from Chicago, its location is
uniquely determined: northeastern Utah, near Salt Lake City.

arrivals of P waves and S waves. This is illustrated graphically in
figure 4.9A.

Once several recording stations have determined their dis-
tances from the epicenter in this way, the epicenter can be lo-
cated on a map (figure 4.9B). If the epicenter is 200 kilometers
from station X, it is located somewhere on a circle with a
200-kilometer radius around point X. If it is also found to be

Chapter Four Earthquakes 71



150 kilometers from station Y, the epicenter must fall at either of
the two points that are both 200 kilometers from X and 150 kilo-
meters from Y. If the epicenter is also determined to be 100 ki-
lometers from point Z, its position is uniquely identified.

In practice, complicating factors such as inhomogeneities
in the crust make epicenter location somewhat more difficult.
Results from more than three stations are usually required, and
computers assist in reconciling all the data. The general princi-
ple, however, is as described.

Magnitude and Intensity

All of the seismic waves represent energy release and trans-
mission; they cause the ground shaking that people associate
with earthquakes. The amount of ground motion is related to
the magnitude of the earthquake. Historically, earthquake
magnitude has most commonly been reported in this country
using the Richter magnitude scale, named after geophysicist
Charles F. Richter, who developed it.

A Richter magnitude number is assigned to an earth-
quake on the basis of the amount of ground displacement or
shaking that it produces near the epicenter. The amount of
ground motion is measured by a seismograph, and the size of
the largest (highest-amplitude) seismic wave on the seismo-
gram is determined. The value is adjusted for the particular
type of instrument and the distance of the station from the
earthquake epicenter (because ground motion naturally tends
to decrease with increasing distance from the site of the earth-
quake) so that different measuring stations in different places
will arrive at approximately the same estimate of the ground
displacement as it would have been measured close to the
epicenter. From this adjusted ground displacement, the Rich-
ter magnitude value is assigned. The Richter scale is logarith-
mic, which means that an earthquake of magnitude 4 causes
ten times as much ground movement as one of magnitude 3,
one hundred times as much as one of magnitude 2, and so on
(see figure 4.10). The amount of energy released rises even
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Ground motion increases by a factor of 10 for each unit increase in
Richter magnitude; so, an earthquake of magnitude 7 causes

10 times the displacement (shaking) of one of magnitude 6.

(10° microns = 1 meter)

faster with increased magnitude, by a factor of about 30 for
each unit of magnitude: An earthquake of magnitude 4 re-
leases approximately thirty times as much energy as one of
magnitude 3, and nine hundred times as much as one of mag-
nitude 2. There is no upper limit to the Richter scale. The larg-
est recorded earthquakes have had Richter magnitudes of
about 8.9. Although we only hear of the very severe, damag-
ing earthquakes, there are, in fact, hundreds of thousands of
earthquakes of all sizes each year. Table 4.2 summarizes the
frequency and energy release of earthquakes in different Rich-
ter magnitude ranges.

Frequency of Earthquakes of Various Magnitudes

Descriptor Magnitude Number per Year Approximate Energy Released (ergs)
great 8 and over 1t02 over 5.8 X 10%

major 7-79 18 2-42 X 10%

strong 6-6.9 120 8-150 X 10%°

moderate 5-5.9 800 3-55 X 10"

light 4-49 6200 1-20 X 10"

minor 3-3.9 49,000 4-72 X 10

very minor <3 [mag. 2-3 about 1000/day] below 4 X 10'

[mag. 1-2 about 8000/day]

Source: Frequency data and descriptors from National Earthquake Information Center.

Note: For every unit increase in Richter magnitude, ground displacement increases by a factor of 10, while energy release increases by a factor of 30. Therefore, most of the energy released by earthquakes
each year is released not by the hundreds of thousands of small tremors, but by the handful of earthquakes of magnitude 7 or larger.
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As seismologists studied more earthquakes in more places,
it became apparent that the Richter magnitude scale had some
limitations. The scale was developed in California, where the
earthquakes are all shallow-focus, and mostly the result of shear
stress acting on strike-slip faults. Earthquakes in other areas,
with different rock types that respond differently to seismic
waves, different focal depths, and different stress regimes may
not be readily compared on the basis of Richter magnitudes. For
very large earthquakes especially, a better measure of relative
energy release is moment magnitude (denoted My). Moment
magnitude takes into account the area of break on the fault sur-
face, the displacement along the fault during the earthquake, and
the strength of the rock (the amount of force needed to cause
rupture). The U.S. Geological Survey now uses moment magni-
tude rather than Richter magnitude in reporting on modern
earthquakes, for example in press releases. More-detailed analy-
ses may also report Richter magnitude (represented by M; and
also called “local magnitude”) and/or magnitudes based on still
other magnitude scales. The differences in assigned magnitude
are generally significant only for the largest earthquakes. For
example, the largest recorded earthquake (which occurred in
Chile, in 1960) had a Richter magnitude of 8.9, but an estimated
moment magnitude of 9.5. What all the magnitude scales have in
common is a logarithmic character, as illustrated in figure 4.10.

An alternative way of describing the size of an earthquake
is by the earthquake’s intensity. Intensity is a measure of the
earthquake’s effects on humans and on surface features. It is not
a unique characteristic of an earthquake, nor is it defined on a
precise quantitative basis. The surface effects produced by an
earthquake of a given magnitude vary considerably as a result
of such factors as local geologic conditions, quality of construc-
tion, and distance from the epicenter. A single earthquake, then,
can produce effects of many different intensities in different
places (figure 4.11), although it will have only one magnitude
assigned to it. Intensity is also a somewhat subjective measure
in that it is usually based on observations by or impressions of
individuals; different observers in the same spot may assign dif-
ferent intensity values to a single earthquake. Nevertheless, in-
tensity is a more direct indication of the impact of a particular
seismic event on humans in a given place than is magnitude.
The extent of damage at each intensity level is, in turn, related
to the maximum ground velocity and acceleration experienced.
Thus, even in uninhabited areas, intensities can be estimated if
the latter data have been measured.

Several dozen intensity scales are in use worldwide. The
most widely applied intensity scale in the United States is the
Modified Mercalli Scale, summarized in table 4.3.

Earthquake-Related Hazards
and Their Reduction

Earthquakes can have a variety of harmful effects, some obvi-
ous, some more subtle. As noted earlier, earthquakes of the
same magnitude occurring in two different places can cause

CANADA

GULF OF MEXICO

§ X

Figure 4.11

Zones of different Mercalli intensity for the Charleston, South
Carolina earthquake of 1886. (Note how far away that earthquake
could be felt!)

Data from U.S. Geological Survey

very different amounts of damage, depending on such variables
as the nature of the local geology, whether the area affected is
near the coast, and whether the terrain is steep or flat.

Ground Motion

Movement along the fault is an obvious hazard. The offset
between rocks on opposite sides of the fault can break power
lines, pipelines, buildings, roads, bridges, and other structures
that actually cross the fault. Such offset can be large: In the
1906 San Francisco earthquake, maximum strike-slip dis-
placement across the San Andreas fault was more than 6 me-
ters. Planning and thoughtful design can reduce the risks. For
example, power lines and pipelines can be built with extra
slack where they cross a fault zone, or they can be designed
with other features to allow some “give” as the fault slips and
stretches them. Such considerations had to be taken into ac-
count when the Trans-Alaska Pipeline was built, for it crosses
several known, major faults along its route. The engineering
proved its value in the magnitude-7.9 2002 Denali Fault earth-
quake (figure 4.12).

Fault displacement aside, the ground shaking produced as
accumulated energy is released through seismic waves causes
damage to and sometimes complete failure of buildings, with
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Table 4.3 Modified Mercalli Intensity Scale (abridged)

Intensity Description

| Not felt.

Il Felt by persons at rest on upper floors.

11l Felt indoors—hanging objects swing. Vibration like passing of light trucks.

\% Vibration like passing of heavy trucks. Standing automobiles rock. Windows, dishes, and doors rattle; wooden walls or frame may creak.

\' Felt outdoors. Sleepers wakened. Liquids disturbed, some spilled; small objects may be moved or upset; doors swing; shutters and
pictures move.

Vi Felt by all; many frightened. People walk unsteadily; windows and dishes broken; objects knocked off shelves, pictures off walls.
Furniture moved or overturned; weak plaster cracked. Small bells ring. Trees and bushes shaken.

Vi Difficult to stand. Furniture broken. Damage to weak materials, such as adobe; some cracking of ordinary masonry. Fall of plaster, loose
bricks, and tile. Waves on ponds; water muddy; small slides along sand or gravel banks. Large bells ring.

Vil Steering of automobiles affected. Damage to and partial collapse of ordinary masonry. Fall of chimneys, towers. Frame houses moved
on foundations if not bolted down. Changes in flow of springs and wells.

IX General panic. Frame structures shifted off foundations if not bolted down; frames cracked. Serious damage even to partially reinforced
masonry. Underground pipes broken; reservoirs damaged. Conspicuous cracks in ground.

X Most masonry and frame structures destroyed with their foundations. Serious damage to dams and dikes; large landslides. Rails bent slightly.

Xl Rails bent greatly. Underground pipelines out of service.

Xl Damage nearly total. Large rock masses shifted; objects thrown into the air.

Figure 4.12

Bends in the Trans-Alaska Pipeline allow some flex, and the fact that it sits loosely on slider beams where it crosses the Denali Fault also
helped prevent rupture of the pipeline in 2002.

Photo courtesy Alyeska Pipeline Service Company and U.S. Geological Survey
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the surface waves responsible for most of this damage. Shifts of
even a few tens of centimeters can be devastating, especially to
structures made of weak materials such as adobe or inadequately
reinforced concrete (figure 4.13), and as shaking continues,
damage may become progressively worse. Such effects, of
course, are most severe on or very close to the fault, so the sim-
plest strategy would be not to build near fault zones. However,
many cities have already developed near major faults. Some-
times, cities are rebuilt many times in such places. The ancient
city of Constantinople—now Istanbul—has been leveled by

C

Figure 4.13

earthquakes repeatedly throughout history. Yet there it sits. This
raises the question of designing “earthquake-resistant” build-
ings to minimize damage.

Engineers have studied how well different types of build-
ing have withstood real earthquakes. Scientists can conduct
laboratory experiments on scale models of skyscrapers and other
buildings, subjecting them to small-scale shaking designed to
simulate the kinds of ground movement to be expected during an
earthquake. On the basis of their findings, special building codes
for earthquake-prone regions can be developed.

The nature of building materials, as well as design, influences how well buildings survive earthquakes. (A) One person was killed in the
collapse of a five-story tower at St. Joseph’s Seminary during the 1989 Loma Prieta earthquake; the rest of the complex stood intact. (B) This
concrete frame office building collapsed completely in the 1995 Kobe earthquake, while an adjacent building stands nearly intact. (C) In the
1999 Diizce, Turkey, earthquake, traditional timber-frame buildings (foreground) were more resilient than concrete structures (rear) in which
the reinforcing pillars pulled out of their foundations. (D) Building in foreground has “pancaked,” one floor collapsing on another; brick walls
at rear are ripped and damaged, but still standing. Boumendes, Algeria, 2003.

(A) Photograph by H. G. Wilshire, (B) Photograph by Dr. Roger Hutchison, (C) Photograph by Roger Bilham, (D) Photograph by Ali Nour, CGS,
National Center of Applied Research in Earthquake Engineering. (A) and (C) courtesy U.S. Geological Survey; (B) and (D) courtesy NOAA
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This approach, however, presents many challenges.
There are a limited number of records of just how the ground
does move in a severe earthquake. To obtain the best such
records, sensitive instruments must be in place near the fault
zone beforehand, and those instruments must survive the
earthquake. (Sometimes alternative methods will provide
useful information: after the 1995 Kobe earthquake, geosci-
entists studied videotapes from security cameras, using the
recorded motions of structures and furnishings to deduce the
ground motions during the earthquake.) Even with good
records from an actual earthquake, laboratory experiments
may not precisely simulate real earthquake conditions, given
the number of variables involved. Such uncertainties raise
major concerns about the safety of dams and nuclear power
plants near active faults. In an attempt to circumvent the lim-
itations of scale modeling, the United States and Japan set up
in 1979 a cooperative program to test earthquake-resistant
building designs. The tests have included experiments on a
full-sized, seven-story, reinforced-concrete structure, in
which ground shaking was simulated by using hydraulic
jacks. Results were not entirely as anticipated on the basis of
earlier modeling studies, which indicated that full-scale ex-
periments and observations may be critical to designing op-
timum building codes in earthquake-prone areas. The
experiments are continuing, with tests on a six-story wood-
frame building up next.

A further complication is that the same building codes
cannot be applied everywhere. For example, not all earth-
quakes produce the same patterns of ground motion. The
1994 Northridge earthquake underscored the dependence of
reliable design on accurately anticipating ground motion. The

Figure 4.14

Freeway damage from the 1971 San Fernando earthquake (A) was repeated in the 1994 Northridge quake (B) because the design of the
rebuilt overpasses did not account for the ground motion associated with the responsible fault. This interchange of I-5 and C-14 was under
construction in 1971; it was not subsequently retrofitted for enhanced earthquake resistance.

epicenter was close to that of the 1971 San Fernando earth-
quake that destroyed many freeways (figure 4.14). They were
rebuilt to be earthquake-resistant, assuming the predomi-
nantly strike-slip displacement that is characteristic of the
San Andreas. The Northridge quake, however, had a strong
dip-slip component, for it occurred along a previously un-
mapped, buried thrust fault—and many of the rebuilt free-
ways collapsed again.

It is also important to consider not only how structures
are built, but what they are built on. Buildings built on solid
rock (bedrock) seem to suffer far less damage than those built
on deep soil. In the 1906 San Francisco earthquake, buildings
erected on filled land reclaimed from San Francisco Bay

(A) Photograph courtesy National Information Service for Earthquake Engineering, University of California, Berkeley, Karl V. Steinbrugge,

photographer; (B) Photograph by M. Celebi, U.S. Geological Survey
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Figure 4.15

Car crushed under third story of a failed building when the first two
floors collapsed and sank. Some of the most severe damage in San
Francisco from the 1989 Loma Prieta earthquake was here in the
Marina district, built on filled land subject to liquefaction.

Photograph by J. K. Nakata, U.S. Geological Survey

suffered up to four times more damage from ground shaking
than those built on bedrock; the same general pattern was re-
peated in the 1989 Loma Prieta earthquake (figure 4.15). The

I Bay mud, 040 m thick

- Older stream-deposited sediments, 0-50 m thick
- Bedrock, mostly sandstone and shale

extent of damage in Mexico City resulting from the 1985
Mexican earthquake was partly a consequence of the fact that
the city is underlain by weak layers of volcanic ash and clay.
Most smaller and older buildings lacked the deep foundations
necessary to reach more stable sand layers at depth. Many of
these buildings collapsed completely. Acapulco suffered far
less damage, although it was much closer to the earthquake’s
epicenter, because it stands firmly on bedrock. Ground shak-
ing is commonly amplified in unconsolidated materials (fig-
ure 4.16). The fact that underlying geology influences surface
damage is demonstrated by the observation that intensity is
not directly correlated with proximity to the epicenter (fig-
ures 4.17,4.11).

The characteristics of the earthquakes in a particular re-
gion also must be taken into account. For example, severe earth-
quakes are generally followed by many aftershocks, earthquakes
that are weaker than the principal tremor. The main shock usu-
ally causes the most damage, but when aftershocks are many
and are nearly as strong as the main shock, they may also cause
serious destruction.

The duration of an earthquake also affects how well a
building survives it. In reinforced concrete, ground shaking
leads to the formation of hairline cracks, which then widen
and develop further as long as the shaking continues. A con-
crete building that can withstand a one-minute main shock

10 Seconds

Explanation

Figure 4.16

Ground shaking from the Loma Prieta earthquake, only moderate in bedrock (trace A), was amplified in younger river sediments (B) and

especially in more recent, poorly consolidated mud (C).

Source:R. A. Page et al., Goals, Opportunities, and Priorities for the USGS Earthquake Hazards Reduction Program, U.S. Geological Survey Circular 1079
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Figure 4.17

Distribution of intensities for 1992 Landers earthquake (epicenter
marked by star). These intensities are determined instrumentally
from the maximum measured ground acceleration, reported as a
percentage of g, earth’s gravitational acceleration constant (the
acceleration experienced by an object dropped near the surface).

Image courtesy ShakeMap Working Group, U.S. Geological Survey

might collapse in an earthquake in which the main shock
lasts three minutes. Many of the California building codes,
used as models around the world, are designed for a 25-second
main shock, but earthquake main shocks can last ten times
that long.

Even the best building codes are typically applied only to
new construction. When a major city is located near a fault
zone, thousands of vulnerable older buildings may already have
been built in high-risk areas. The costs to redesign, rebuild, or
even modify all of these buildings would be staggering. Most
legislative bodies are reluctant to require such efforts; indeed,
many do nothing even about municipal buildings built in
fault zones.

There is also the matter of public understanding of what
“earthquake-resistant” construction means. It is common in
areas with building codes or design guidelines that address
earthquake resistance in detail to identify levels of expected
structural soundness. For most residential and commercial
buildings, “substantial life safety” may be the objective: the
building may be extensively damaged, but casualties should
be few (see figure 4.18). The structure, in fact, may have to be
razed and rebuilt. Designing for “damage control” means that
in addition to protecting those within, the structure should be
repairable after the earthquake. This will add to the up-front
costs, though it should save both repair costs and “down time”

78 Section Two Internal Processes

—un__ A vmmumn.
—_ et T

o~ .

L
R\ 1

Figure 4.18

(A) The concept of “substantial life safety”—and its limitations—are
illustrated by this classic scene from the Mission district following
the 1906 San Francisco earthquake. Nobody died here, but neither
can business go on as usual! (B) While the first story of this relatively
modern building didn't fare well in the 1995 Kobe earthquake, the
majority of the structure remained intact, again meeting the
“substantial life safety” goal.

(A) Photograph by G. K. Gilbert, courtesy U.S. Geological Survey;
(B) Photograph by Dr. Roger Hutchison, courtesy NOAA.



after a major quake. The highest (and most expensive) stan-
dard is design for “continued operation,” meaning little or no
structural damage at all; this would be important for hospi-
tals, fire stations, and other buildings housing essential ser-
vices, and also for facilities that might present hazards if the
buildings failed (nuclear power plants, manufacturing facili-
ties using or making highly toxic chemicals). This is the sort
of standard to which the Trans-Alaska pipeline was (fortu-
nately) designed: it was built with a possible magnitude-8
earthquake on the Denali fault in mind, so it came through the
magnitude-7.9 earthquake in 2002, with its 14 feet of hori-
zontal fault displacement, without a break. Thus, anyone liv-
ing or buying property in an area where earthquakes are a
significant concern would be well-advised to pin down just
what level of earthquake resistance is promised in a build-
ing’s design.

Ground Failure

Landslides (figure 4.19) can be a serious secondary earth-
quake hazard in hilly areas. As will be seen in chapter 8,
earthquakes are one of the major events that trigger slides on

unstable slopes. The best solution is not to build in such ar-
eas. Even if a whole region is hilly, detailed engineering stud-
ies of rock and soil properties and slope stability may make it
possible to avoid the most dangerous sites. Visible evidence
of past landslides is another indication of especially danger-
ous areas.

Ground shaking may cause a further problem in areas
where the ground is very wet—in filled land near the coast or
in places with a high water table. This problem is liquefaction.
When wet soil is shaken by an earthquake, the soil particles
may be jarred apart, allowing water to seep in between them,
greatly reducing the friction between soil particles that gives
the soil strength, and causing the ground to become somewhat
like quicksand. When this happens, buildings can just topple
over or partially sink into the liquefied soil; the soil has no
strength to support them. The effects of liquefaction were dra-
matically illustrated in Niigata, Japan, in 1964. One multistory
apartment building tipped over to settle at an angle of 30 degrees
to the ground while the structure remained intact! (See fig-
ure 4.20A.) Liquefaction was likewise a major cause of dam-
age from the Loma Prieta, Kobe, and Izmit earthquakes. Telltale
signs of liquefaction include “sand boils,” formed as liquefied

Figure 4.19

(A) Landslide from the magnitude-6.5 earthquake in Seattle,
Washington, in 1965 made Union Pacific Railway tracks unuseable.
(B) Landslide from an unnamed peak in the Alaska Range, less than
ten miles west of the Trans-Alaska Pipeline, triggered by 2002
Denali Fault earthquake. (C) Muzaffarabad highway blocked by
landslides in the 2005 Pakistan earthquake.

(A) Photograph courtesy University of California at Berkeley/NOAA,
(B) courtesy U.S. Geological Survey Earthquake Hazards program
(C) Photograph by John Beba, Geological Survey of India;

courtesy NOAA.
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Figure 4.20

(A) Effects of soil liquefaction during an earthquake in Niigata, Japan, 1964. The buildings, which were designed to be earthquake-resistant,
simply tipped over intact. (B) Sand boils in field near Watsonville, California.

(A) Photograph courtesy of National Geophysical Data Center (B) Photograph by J. Tinsley, from U.S. Geological Survey Open-File Report 89-687

soil bubbles to the surface during the quake (figure 4.20B). In
some areas prone to liquefaction, improved underground drain-
age systems may be installed to try to keep the soil drier, but
little else can be done about this hazard, beyond avoiding the
areas at risk. Not all areas with wet soils are subject to lique-
faction; the nature of the soil or fill plays a large role in the
extent of the danger.

Tsunamis and Coastal Effects

Coastal areas, especially around the Pacific Ocean basin where
so many large earthquakes occur, may also be vulnerable to tsu-
namis. These are seismic sea waves, sometimes improperly
called “tidal waves,” although they have nothing to do with tides.
The name derives from the Japanese for “harbor wave,” which is
descriptive of their behavior. When an undersea or near-shore
earthquake occurs, sudden movement of the sea floor may set up
waves traveling away from that spot, like ripples in a pond
caused by a dropped pebble. Contrary to modern movie fiction,
tsunamis are not seen as huge breakers in the open ocean that
topple ocean liners in one sweep. In the open sea, tsunamis are
only unusually broad swells on the water surface, but they travel
extremely rapidly—speeds up to 1000 km/hr (about 600 mph)
are not uncommon. Because they travel so fast, as tsunamis ap-
proach land, the water tends to pile up against the shore. The
tsunami may come ashore as a very high, very fast-moving wall
of water that acts like a high tide run amok (perhaps the origin of
the misnomer “tidal wave”), or it may develop into large break-
ing waves, just as ordinary ocean waves become breakers as the
undulating waters “touch bottom” near shore. Tsunamis, how-
ever, can easily be over 15 meters high in the case of larger
earthquakes. Several such waves or water surges may wash over
the coast in succession; between waves, the water may be pulled
swiftly seaward, emptying a harbor or bay, and perhaps pulling
unwary onlookers along. Tsunamis can also travel long distances
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in the open ocean. Tsunamis set off on one side of the Pacific
may still cause noticeable effects on the other side of the ocean.
A tsunami set off by a 1960 earthquake in Chile was still vigor-
ous enough to cause 7-meter-high breakers when it reached Ha-
waii some fifteen hours later, and twenty-five hours after the
earthquake, the tsunami was detected in Japan.

Given the speeds at which tsunamis travel, little can be
done to warn those near the earthquake epicenter, but people
living some distance away can be warned in time to evacuate,
saving lives, if not property. In 1948, two years after a devastat-
ing tsunami hit Hawaii, the U.S. Coast and Geodetic Survey
established a Tsunami Early Warning System, based in Hawaii.
Whenever a major earthquake occurs in the Pacific region, sea-
level data are collected from a series of monitoring stations
around the Pacific. If a tsunami is detected, data on its source,
speed, and estimated time of arrival can be relayed to areas in
danger, and people can be evacuated as necessary. The system
does not, admittedly, always work perfectly. In the 1964 Alas-
kan earthquake, disrupted communications prevented warnings
from reaching some areas quickly enough. Also, residents’ re-
sponses to the warnings were variable: Some ignored the warn-
ings, and some even went closer to shore to watch the waves,
often with tragic consequences. Two tsunami warnings were
issued in early 1986 following earthquakes in the Aleutians.
They were largely disregarded. Fortunately, in that instance, the
feared tsunamis did not materialize.

There is no tsunami warning system in the Caribbean sea,
where the potential for tsunamis exists, nor was there one in the
Indian Ocean prior to the devastation of the tsunami from the
2004 Sumatran earthquake (Case Study 4.1). In the latter case,
seismologists outside the area, noting the size of the quake,
alerted local governments to the possibility that such an
enormous earthquake might produce a sizeable tsunami. The
word did not reach all affected coastal areas in time. Even where
it did, some officials evidently chose not to issue public warnings,



Case Study 4.1

Megathrust Makes Mega-Disaster

The tectonics of southern and southeast Asia are complex. East of the
India and Australia plates lies the Sunda Trench, marking a long
subduction zone. The plate-boundary fault has been called a
“megathrust”—a very, very large thrust fault.

For centuries, the fault at the contact between the small Burma
Plate and the India Plate had been locked. The edge of the Burma Plate
had been warped downward, stuck to the subducting India Plate. The
fault let go on 26 December 2004, in an earthquake with moment
magnitude estimated at 9.1 at least, and perhaps as much as 9.3,
making it the third-largest earthquake in the world since 1900, behind
the 1960 Chilean quake and 1964 Alaskan quake. During the Sunda
Trench earthquake, significant slip occurred over most of the southern
half of the Burma Plate. Aftershocks covered the whole plate (figure 1).

When the fault ruptured, the freed leading edge of the Burma
Plate snapped upward by as much as 5 meters. The resulting abrupt
shove on the water column above set off the deadly tsunami. It
reached the Sumatran shore in minutes, but it took hours to reach India
and, still later, Africa (figure 2).

How high onshore the tsunami surged varied not only with
distance from the epicenter but with coastal geometry. The highest
runup was observed on gently sloping shorelines and where water was
funneled into a narrowing bay. Detailed studies after the earthquake
showed that in some places the tsunami waves reached heights of 31
meters (nearly 100 feet). Destruction was profound and widespread
(figure 3). An irony of tsunami behavior is that fishermen well out at sea
were unaffected by, and even unaware of, the tsunami until they
returned to port.

Most of the estimated 283,000 deaths from this earthquake
were in fact due to the tsunami, not building collapse or other
consequences of ground shaking. Thousands of people never found or
accounted for were presumed to have been swept out to sea and
drowned. Tsunami deaths occurred as far away as Africa.

And the Sunda Trench had more in store. When one section of a
fault zone slips in a major earthquake, regional stresses are shifted,
which can bring other sections closer to rupture. On 28 March 2005, a
magnitude 8.6 earthquake (itself the seventh-largest worldwide since
1900) ruptured the section of the fault zone just south of the 2004
break (figure 4). Though no major tsunami resulted this time, more
than 1300 people died. Many more, already traumatized by the 2004
disaster, were badly frightened again. On 12 September 2007, two
earthquakes, of magnitude 8.4 and 7.9, ruptured parts of the
subduction zone along the 1833 slip, and a magnitude 7.4 quake
occurred near the southern end of the 2004 rupture. Some
seismologists now fear that the shifting stresses may also lead to
rupture along the Great Sumatran Fault, a strike-slip fault that runs
parallel to the trench near the west coast of Sumatra.

A U.S. Indian Ocean Tsunami Early Warning System has now
been established. It can provide much more timely and accurate
warning of developing tsunamis in the area, especially with the aid
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Figure 1

The December 2004 Sunda Trench earthquake ruptured a 400 km
length of the southern Burma Plate, but aftershocks—only a few
epicenters of which are shown here—affected the whole plate.

Image courtesy USGS/NASA

of new monitoring techniques. In addition to surface buoys long
used to detect the sea-surface undulations that might be due to a
tsunami, warning systems here and elsewhere now also use deep

(Continued)
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Figure 2

Travel time, in hours, for the tsunami generated by the

26 December 2004 earthquake.

Image courtesy NOAA Pacific Marine Environmental Lab Tsunami

Research Program

B

Figure 3

Gleebruk, Indonesia before (A) and after (B) the tsunami. Photographs
were taken 12 April 2004 and 2 January 2005, respectively.

Photographs © Digital Globe/Getty Images.
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Figure 4

Colored areas show ruptures associated with earthquakes in 1833, 1861,
and 2004 along the Sunda Trench. Stress shifts following the December
2004 earthquake (epicenter at red star) may well have contributed to the
March 2005 earthquake just to the south (yellow star). Aftershocks from
the latter quake (yellow dots) suggest rupture of both the gap between
the 1861 and 2004 rupture zones, and a large part of the former.

Map courtesy U.S. Geological Survey Earthquake Hazards Program

buoys that are sensitive to deep-water pressure changes that could
indicate a tsunami passing through. All the data are then relayed by
satellite to stations where computers can quickly put the pieces
together for prompt detection of the existence, location, and
velocity of a tsunami so that appropriate warnings can be issued to
areas at risk.
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in part for fear of frightening tourists. Such behavior likely
contributed to the death toll.

Even in the absence of tsunamis, there is the possibility of
coastal flooding from sudden subsidence as plates shift during
an earthquake. Areas that were formerly dry land may be per-
manently submerged and become uninhabitable (figure 4.21).
Conversely, uplift of sea floor may make docks and other coastal
structures useless, though this rarely results in casualties.

Fire

A secondary hazard of earthquakes in cities is fire, which may
be more devastating than ground movement (figure 4.22). In
the 1906 San Francisco earthquake, 70% of the damage was
due to fire, not simple building failure. As it was, the flames
were confined to a 10-square-kilometer area only by dyna-
miting rows of buildings around the burning section. Fires
occur because fuel lines and tanks and power lines are bro-
ken, touching off flames and fueling them. At the same time,
water lines also are broken, leaving no way to fight the fires
effectively, and streets fill with rubble, blocking fire-fighting
equipment. In the 1995 Kobe earthquake, broken pipelines
left firefighters with only the water in their trucks’ tanks to
battle more than 150 fires. Putting numerous valves in all

T L e T Y /S SN W

B

Figure 4.22

Figure 4.21

Flooding in Portage, Alaska, due to tectonic subsidence during
1964 earthquake.

Photograph by G. Plafker, courtesy USGS Photo Library, Denver, CO.
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(A) Classic panorama of San Francisco in flames, five hours after the 1906 earthquake. (B) Five hours after the 1995 Kobe earthquake, the

scene is similar, with many fires burning out of control.

(A) Courtesy NOAA/NGDC; (B) Photograph by Dr. Roger Hutchison, courtesy NOAA.
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water and fuel pipeline systems helps to combat these prob-
lems because breaks in pipes can then be isolated before too
much pressure or liquid is lost.

Earthquake Prediction
and Forecasting

Millions of people already live near major fault zones. For that
reason, prediction of major earthquakes could result in many
saved lives. Some progress has been made in this direction, but
as the complexity of seismic activity is more fully recognized,
initial optimism has been diminished considerably.

Seismic Gaps

Maps of the locations of earthquake epicenters along major
faults show that there are stretches with little or no seismic
activity, while small earthquakes continue along other sections
of the same fault zone. Such quiescent, or dormant, sections of
otherwise-active fault zones are called seismic gaps. They
apparently represent “locked” sections of faults along which
friction is preventing slip. These areas may be sites of future
serious earthquakes. On either side of a locked section, stresses
are being released by earthquakes. In the seismically quiet
locked sections, friction is apparently sufficient to prevent the
fault from slipping, so the stresses are simply building up. The
concern, of course, is that the accumulated energy will become
so great that, when that locked section of fault finally does slip
again, a very large earthquake will result.

Recognition of these seismic gaps makes it possible to
identify areas in which large earthquakes may be expected in
the future. The subduction zone bordering the Banda Plate had
been rather quiet seismically for many decades before the
December 2004 quake; areas farther south along the Sunda
Trench that are still locked may be the next to let go cata-
strophically. The 1989 Loma Prieta, California, earthquake
occurred in what had been a seismic gap along the San An-
dreas fault. A major seismic gap along the subduction zone
along the western side of Central America is likely to be the
site of the next major earthquake to cause serious damage to
Mexico City. Earthquake-cycle theory, discussed later in this
chapter, may be a tool for anticipating major earthquakes that
will fill such gaps abruptly.

Earthquake Precursors and Prediction

In its early stages, earthquake prediction was based particularly
on the study of earthquake precursor phenomena, things that
happen or rock properties that change prior to an earthquake.
Many different possibilities have been examined. For exam-
ple, the ground surface may be uplifted and tilted prior to an
earthquake. Seismic-wave velocities in rocks near the fault may
change before an earthquake; so may electrical resistivity (the
resistance of rocks to electric current flowing through them).
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Changes have been observed in the levels of water in wells and/
or in the content of radon (a radioactive gas that occurs natu-
rally in rocks as a result of decay of trace amounts of uranium
within them). Chinese investigators have cited examples of
anomalous behavior of animals prior to an earthquake.

The hope, with the study of precursor phenomena, has
been that one could identify patterns of precursory changes that
could be used with confidence to issue earthquake predictions
precise enough as to time to allow precautionary evacuations or
other preparations. Unfortunately, the precursors have not proven
to be very reliable. Not only does the length of time over which
precursory changes are seen before an earthquake vary, from
minutes to months, but the pattern of precursors—which param-
eters show changes, and of what sorts—also varies. Most prob-
lematic, many earthquakes, including large ones, seem quite
unheralded by recognizable precursors at all. Loma Prieta was
one of these; so was Northridge, and so was Kobe. After decades
of precursor studies, no consistently useful precursors have been
recognized, though the search continues. Even if more-reliable
precursors are identified, too, as a practical matter it is always
going to be easier to monitor shallow faults on land, like the San
Andreas, than faults like the submarine Sumatran thrust fault.

Current Status of Earthquake Prediction

Since 1976, the director of the U.S. Geological Survey has had
the authority to issue warnings of impending earthquakes and
other potentially hazardous geologic events (volcanic eruptions,
landslides, and so forth). An Earthquake Prediction Panel re-
views scientific evidence that might indicate an earthquake
threat and makes recommendations to the director regarding the
issuance of appropriate public statements. These statements
could range in detail and immediacy from a general notice to
residents in a fault zone of the existence and nature of earth-
quake hazards there, to a specific warning of the anticipated
time, location, and severity of an imminent earthquake. In early
1985, the panel made its first endorsement of an earthquake
prediction; the results are described in Case Study 4.2.

In the People’s Republic of China, tens of thousands of
amateur observers and scientists work on earthquake predic-
tion. In February 1975, after months of smaller earthquakes,
radon anomalies, and increases in ground tilt followed by a
rapid increase in both tilt and microearthquake frequency, the
scientists predicted an imminent earthquake near Haicheng in
northeastern China. The government ordered several million
people out of their homes into the open. Nine and one-half
hours later, a major earthquake struck, and many lives were
saved because people were not crushed by collapsing buildings.
The next year, they concluded that a major earthquake could be
expected near Tangshan, about 150 kilometers southeast of
Beijing. In this case, however, they could only say that the event
was likely to occur sometime during the following two months.
When the earthquake—magnitude over 8.0 with aftershocks up
to magnitude 7.9—did occur, there was no immediate warning,
no sudden change in precursor phenomena, and hundreds of
thousands of people died.



Only four nations—Japan, Russia, the People’s Republic
of China, and the United States—have had government-
sponsored earthquake prediction programs. Such programs
typically involve intensified monitoring of active fault zones to
expand the observational data base, coupled with laboratory
experiments designed to increase understanding of precursor
phenomena and the behavior of rocks under stress. Even with
these active research programs, scientists cannot monitor every
area at once, and, as already noted, earthquake precursors are
inconsistent at best, and at worst, often absent altogether.

In the United States, earthquake predictions have not been
regarded as reliable or precise enough to justify such actions as
large-scale evacuations. In the near term, it seems that the more
feasible approach is earthquake forecasting, identifying levels
of earthquake probability in fault zones within relatively broad
time windows, as described below. This at least allows for long-
term preparations, such as structural improvements. Ultimately,
short-term, precise predictions that can save more lives are still
likely to require better recognition and understanding of precur-
sory changes, though recent studies have suggested that very
short-term “early warnings” may have promise.

The Earthquake Cycle and Forecasting

Studies of the dates of large historic and prehistoric earthquakes
along major fault zones have suggested that they may be broadly
periodic, occurring at more-or-less regular intervals (figure 4.23).
This is interpreted in terms of an earthquake cycle that would
occur along a (non-creeping) fault segment: a period of stress
buildup, sudden fault rupture in a major earthquake, followed
by a brief interval of aftershocks reflecting minor lithospheric
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Periodicity of earthquakes assists in prediction/forecasting efforts.
Long-term records of major earthquakes on the San Andreas show
both broad periodicity and some tendency toward clustering of 2
to 3 earthquakes in each active period. Prehistoric dates are based
on carbon-14 dating of faulted peat deposits.

Source: Data from U.S. Geological Survey Circular 1079

adjustments, then another extended period of stress buildup
(figure 4.24). The fact that major faults tend to break in seg-
ments is well documented: The Anatolian fault zone, site of the
1999 Turkish earthquakes, is one example; the San Andreas is
another; so is the thrust fault along the Sunda Trench. The rough
periodicity can be understood in terms of two considerations.
First, assuming that the stress buildup is primarily associated
with the slow, ponderous, inexorable movements of lithospheric
plates, which at least over decades or centuries will move at
fairly constant rates, one might reasonably expect an approxi-
mately constant rate of buildup of stress (or accumulated elastic
strain). Second, the rocks along a given fault zone will have
particular physical properties, which allow them to accumulate
a certain amount of energy before failure, or fault rupture, and
that amount would be approximately constant from earthquake
to earthquake. Those two factors together suggest that periodic-
ity is a reasonable expectation. Once the pattern for a particular
fault zone is established, one may use that pattern, together with
measurements of strain accumulation in rocks along fault zones,
to project the time window during which the next major earth-
quake is to be expected along that fault zone and to estimate the
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Figure 4.24

The “earthquake cycle” concept.

Source: After U.S. Geological Survey Circular 1079, modified after
C. DeMets (pers. comm. 2006)
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likelihood of the earthquake’s occurrence in any particular time
period. Also, if a given fault zone or segment can store only a
certain amount of accumulated energy before failure, the maxi-
mum size of earthquake to be expected can be estimated.

This is, of course, a simplification of what can be a very
complex reality. For example, though we speak of “The San
Andreas fault,” it is not a single simple, continuous slice through
the lithosphere, nor are the rocks it divides either identical or
homogeneous on either side. Both stress buildup and displace-
ment are distributed across a number of faults and small blocks
of lithosphere. Earthquake forecasting is correspondingly more
difficult. Nevertheless, the U.S. Geological Survey’s Working
Group on California Earthquake Probabilities publishes fore-
casts for different segments of the San Andreas (figure 4.25).
Note that in this example, the time window in question is a 30-
year period. Such projections, longer-term analogues of the me-
teorologist’s forecasting of probabilities of precipitation in
coming days, are revised as small (and large) earthquakes occur
and more data on slip in creeping sections are collected. For
example, after the 1989 Loma Prieta earthquake, which substan-
tially shifted stresses in the region, the combined probability of
a quake of magnitude 7 or greater either on the peninsular seg-
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Figure 4.25

Earthquake forecast map issued by the 2007 Working Group on
California Earthquake Probabilities, indicating the 30-year
probability of a magnitude 6.7 or greater earthquake. Over the
whole state, the probability of such a large earthquake by 2038
was estimated at 99.7%; the probability of at least one quake of
magnitude 7.5 or greater was set at 46%.

Image courtesy: Southern California Earthquake Center/USGS/CGS.
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ment of the San Andreas or on the nearby Hayward fault (locked
since 1868) was increased from 50 to 67%. Forecasts are also
being refined through recent research on fault interactions and
the ways in which one earthquake can increase or decrease the
likelihood of slip on another segment, or another fault entirely.

Earthquake Early Warnings?

When hurricanes threaten, public officials agonize over issues
such as when or whether to order evacuation of threatened
areas; how, logistically, to make it happen; and how to secure
property in evacuated areas. Similar issues will arise if and
when scientific earthquake predictions become feasible. In the
meantime, a new idea has surfaced for saving lives and prop-
erty damage: Earthquake early warnings issued a few seconds,
or perhaps tens of seconds, before an earthquake strikes.

What good would that do? Potentially, quite a lot: Trains
could be slowed and stopped, traffic lights adjusted to get people off
vulnerable bridges, elevators stopped at the nearest floor and their
doors opened to let passengers out. Automated emergency systems
could shut off valves in fuel or chemical pipelines and initiate shut-
down of nuclear power plants. People in homes or offices could
quickly take cover under sturdy desks and tables. And so on.

The idea is based on the relative travel times of seismic
waves. The damaging surface waves travel more slowly than the P
and S waves used to locate earthquakes. Therefore, earthquakes
can be located seconds after they occur, and—at least for places at
some distance from the epicenter—warnings transmitted to areas
at risk before the surface waves hit. However, to decide when
these warnings should be issued and automated-response systems
activated, one wants to know the earthquake’s magnitude as well;
scrambling to react to every one of the thousands of earthquakes
that occur each year would create chaos. And it is currently more
difficult to get a very accurate measure of magnitude in the same
few seconds that it takes to determine an earthquake’s location.

Japan, at least, has taken this concept seriously. The Japan
Meteorological Agency (which also deals with earthquakes and
tsunamis) has already developed the capacity to issue these
alerts, using a network of over 1000 seismographs, and public
alerts are now issued for larger quakes. The effectiveness of the
system has not yet been tested in a major earthquake, and will
certainly be limited by the fact that many facilities have not
been retrofitted for automatic response, largely because of cost.
Still, the system offers great promise for reducing casualties in
a very earthquake-prone part of the world.

Public Response to Earthquake Hazards

A step toward making any earthquake-hazard warning system
work would be increasing public awareness of earthquakes as a
hazard. Several other nations are far ahead of the United States
in this regard. In the People’s Republic of China, vigorous pub-
lic-education programs (and several major modern earthquakes)
have made earthquakes a well-recognized hazard. “Earthquake
drills,” which stress orderly response to an earthquake warning,
are held in Japan on the anniversary of the 1923 Tokyo earth-
quake, in which nearly 150,000 people died.



Case Study 4.2

Understanding Faults Better—Parkfield and SAFOD

In 1985, the USGS Earthquake Prediction Panel made what looked like a
very straightforward prediction. They agreed that an earthquake of
Richter magnitude about 6 could be expected on the San Andreas fault
near Parkfield, California, in January 1988 = 5 years. The prediction was
based, in large part, on the cyclic pattern of recent seismicity in the area,
consistent with the earthquake-cycle model. On average, major
earthquakes had occured there every twenty-two years, and the last
had been in 1966 (figure 1). Both the estimated probability and the
panel’s degree of confidence were very high. Yet the critical time period
came and went—and no Parkfield earthquake, even 15 years after the
targeted date. Meanwhile, local residents were angered by perceived
damage to property values and tourism resulting from the prediction.

The long-awaited quake finally happened in late September
2004. Despite the fact that this fault segment has been heavily
instrumented and closely watched since the mid-1980s in anticipation
of this event, there were no clear immediate precursors to prompt a
short-term warning of it. Seismologists began combing their records in
retrospect to see what subtle precursory changes they might have
missed, and they launched a program of drilling into the fault to
improve their understanding of its behavior.

Enter SAFOD, the San Andreas Fault Observatory at Depth.
Funded by the National Science Foundation as part of a plan of geologic
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Based on the generally regular intervals separating the previous six
significant earthquakes on this segment of the San Andreas, the next was
predicted for 1988, plus or minus five years. But it did not occur until 2004,
for reasons yet to be determined.

studies known as EarthScope, the idea is to drill through the San
Andreas Fault near Parkfield, collecting rock and fluid samples and
installing instruments to monitor the fault zone over the long term, with
a goal of better understanding the fault and how the earthquake cycle
operates along it. The pilot hole was actually drilled in 2002, before the
last significant Parkfield quake. The main hole makes use of technology
now also used in the petroleum industry, which allows the angle of
drilling to change at depth (figure 2). Thus one starts with a vertical hole
beside the fault, then angles toward it to drill across the fault zone.

In the target section, much of the fault is actually creeping, but a
small section within the creeping area ruptures every few years with small
(magnitude-2) earthquakes. Seismologists want to understand how that
is possible. Unfortunately, by the time funding ran out in 2007, they had
retrieved rock samples from the creeping section (which contain talc, a
soft, slick mineral that might facilitate the creep) but none from the more
coherent, elastic section that supports the earthquakes. They hope to be
able to drill more extensively in the future. Meanwhile, monitoring
instruments will allow them to track strain, fluid pressure, and other
properties along the fault zone as some parts creep and others rupture,
giving real-time information about what goes on at depth in a fault zone.

0 3 KILOMETERS

Figure 2

Cross section of the region drilled for SAFOD. Colors reflect electrical resistivity;
lower-resistivity areas (warmer colors) may contain more pore fluid to

facilitate creep. Short black segments branching off low end of main hole
are sites of rock cores collected; white dots are foci of minor earthquakes.

Chapter Four Earthquakes 87



By contrast, in the United States, surveys have repeatedly
shown that even people living in such high-risk areas as along
the San Andreas fault are often unaware of the earthquake haz-
ard. Many of those who are aware believe that the risks are not
very great and indicate that they would not take any special ac-
tion even if a specific earthquake warning were issued. Past
mixed responses to tsunami warnings underscore doubts about
public reaction to earthquake predictions.

Many public officials have a corresponding lack of under-
standing or concern. Earthquake prediction aside, changes in
land use, construction practices, and siting could substantially
reduce the risk of property damage from earthquakes. Earth-
quake-prone areas also need comprehensive disaster-response
plans. Within the United States, California is a leader in taking
necessary actions in these areas. However, even there, most
laws aimed at earthquake-hazard mitigation have been passed
in spurts of activity following sizeable earthquakes, and many
do not provide for retrofitting existing structures.

An important first step to improving public response is
education to improve public understanding of earthquake phe-
nomena and hazards. The National Earthquake Hazards Reduc-
tion Program includes such an educational component. The need
for it was reinforced in 1990 by public reaction to an unofficial
earthquake “prediction.” In that year, a biologist-turned-climato-
logical-consultant predicted a major earthquake for the New
Madrid fault zone (see section on Other Potential Problem Areas).
The “prediction” was based on the fact that on 3 December 1990,
the alignment of sun, moon, and earth would result in maximum
tidal (gravitational) stress on the solid earth—which, presumably,
would tend to trigger earthquakes on long-quiet faults. Geolo-
gists had previously investigated this concept and found no cor-
relation between tidal stresses and major earthquakes; the
“prediction” was not endorsed by the scientific community.

Unfortunately, geologists could not declare absolutely that
an earthquake would not occur, only that the likelihood was ex-
tremely low. Meanwhile, in the New Madrid area, there was
widespread panic: stores were stripped of emergency supplies;
people scheduled vacations for the week in question (public-ser-
vice personnel were forbidden to do so); schools were closed for
that week. In the end, as some reporters described it, the biggest
news was the traffic jam as all the curious left town after the
earthquake didn’t happen. The geologic community was very
frustrated at indiscriminate media coverage, which certainly con-
tributed to public concern, and is worried about public response
to future, scientific prediction efforts. It will be interesting to ob-
serve Japanese response to early warnings in this connection.

Earthquake Control?

Since earthquakes are ultimately caused by forces strong enough
to move continents, human efforts to stop earthquakes from oc-
curring would seem to be futile. However, there has been specu-
lation about the possibility of moderating some of earthquakes’
most severe effects. If locked faults, or seismic gaps, represent
areas in which energy is accumulating, perhaps enough to cause
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a major earthquake, then releasing that energy before too much
has built up might prevent a major catastrophe.

In the mid-1960s, the city of Denver began to experience
small earthquakes. They were not particularly damaging, but
they were puzzling. In time, geologist David Evans suggested a
connection with an Army liquid-waste-disposal well at the
nearby Rocky Mountain Arsenal. The Army denied any possi-
ble link, but a comparison of the timing of the earthquakes with
the quantities of liquid pumped into the well at different times
showed a very strong correlation (figure 4.26). The earthquake
foci were also concentrated near the arsenal. It seemed likely
that the liquid was “lubricating” old faults, allowing them to
slip. In other words, the increased fluid pressure in the cracks
and pore spaces in the rocks resulting from the pumping-in of
fluid decreased the shear strength, or resistance to shearing
stress, along the fault zone. Other observations and experiments
around the world have supported the concept that fluids in fault
zones may facilitate movement along a fault.

Such observations at one time prompted speculation that
fluid injection might be used along locked sections of major
faults to allow the release of built-up stress. Unfortunately, ge-
ologists are far from sure of the results to be expected from in-
jecting fluid (probably water) along large, locked faults. There
is certainly no guarantee that only small earthquakes would be
produced. Indeed, in an area where a fault had been locked for
a long time, injecting fluid along that fault could lead to the re-
lease of all the stress at once, in a major, damaging earthquake.
If a great deal of energy had accumulated, it is not even clear
that all that energy could be released entirely through small
earthquakes (recall table 4.2). The possible casualties and
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Figure 4.26

Correlation between waste disposal at the Rocky Mountain Arsenal
(bottom diagram) and the frequency of earthquakes in the Denver
area (top).

Adapted from David M. Evans, “Man-made Earthquakes in Denver,”
Geotimes, 10(9):11-18 May/June 1966. Used by permission.



damage are a tremendous concern, as are the legal and political
consequences of a serious, human-induced earthquake. The
technique might be more safely used in major fault zones that
have not been seismically quiet for long, where less stress has
built up, to prevent that stress from continuing to build. The first
attempts are also likely to be made in areas of low population
density to minimize the potential danger. Certainly, much more
research would be needed before this method could be applied
safely and reliably on a large scale.

Future Earthquakes
in North America?

Areas of Widely Recognized Risk

Southern Alaska sits above a subduction zone. On 27 March
1964, it was the site of the second-largest earthquake of the
twentieth century (estimated at approximately Richter magni-

tude 8.4, moment magnitude 9.2). The main shock, which lasted
three to four minutes, was felt more than 1200 kilometers from
the epicenter. About 12,000 aftershocks, many over magnitude
6, occurred during the next two months, and more continued
intermittently through the following year. The associated up-
lifts—up to 12 meters on land and over 15 meters in places on
the sea floor—left some harbors high and dry and destroyed
habitats of marine organisms. Downwarping of 2 meters or
more flooded other coastal communities. Tsunamis destroyed
four villages and seriously damaged many coastal cities; they
were responsible for about 90% of the 115 deaths. The tsunamis
traveled as far as Antarctica and were responsible for sixteen
deaths in Oregon and California. Landslides—both submarine
and aboveground—were widespread and accounted for most of
the remaining casualties. Total damage was estimated at $300
million (see figure 4.27). The death toll might have been far
higher had the earthquake not occurred in the early evening, on
the Good Friday holiday, before peak tourist or fishing season.
The area can certainly expect more earthquakes—including

Figure 4.27

Examples of property damage from the 1964 earthquake in
Anchorage, Alaska. (A) Fourth Avenue landslide: Note the
difference in elevation between the shops and street on the right
and left sides. (B) Wreckage of Government Hill School, Anchorage.
(C) Landslide in the Turnagain Heights area, Anchorage. Close
inspection reveals a number of houses amid the jumble of down-
dropped blocks in the foreground.

Photographs courtesy USGS Photo Library, Denver, CO.
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severe ones. Nor is the Alaskan earthquake hazard limited to the
subduction zone, as was emphasized by the 2002 quake on the
(strike-slip) Denali fault.

When the possibility of another large earthquake in San
Francisco is raised, geologists debate not “whether” but “when?”
At present, that section of the San Andreas fault has been locked
for some time. The last major earthquake there was in 1906. At
that time, movement occurred along at least 300 kilometers,
and perhaps 450 kilometers, of the fault. The 100" anniversary
of that event brought it back into the public eye, inspiring a va-
riety of exhibits and historical studies, and a hard look at what
might happen in a similar event today. The 1995 Kobe quake is
a useful analog.

If another earthquake of the size of the 1906 event were to
strike the San Francisco area, an estimated 800 to 3400 deaths
would occur (depending largely on the time of day), with tens
of thousands more injured. One could expect $100 billion in
property damage from ground shaking alone, with perhaps
another $50 billion from fire damage and economic disruption.
At present, the precursor phenomena, insofar as they are under-
stood, do not indicate that a great earthquake will occur near
San Francisco within the next few years. However, the unher-
alded Loma Prieta and Parkfield earthquakes were none too re-
assuring in this regard.

Events of the past few years have suggested that there
may, in fact, be a greater near-term risk along the southern San
Andreas, near Los Angeles, than previously thought. In the
spring and summer of 1992, a set of three significant earth-
quakes, including the Landers quake, occurred east of the south-
ern San Andreas. The 1994 Northridge earthquake then occurred
on a previously unrecognized buried thrust fault. The southern
San Andreas in this region, which last broke in 1857, has re-
mained locked through all of this, so the accumulated strain has
not been released by this cluster of earthquakes. Some believe
that their net effect has been to increase the stress and the likeli-
hood of failure along this section of the San Andreas. Moreover,
in the late 1800s, there was a significant increase in numbers of
moderate earthquakes around the northern San Andreas, fol-
lowed by the 1906 San Francisco earthquake. The 1992-1994
activity may represent a similar pattern of increased activity
building up to a major earthquake along the southern San
Andreas. Time will tell.

California has a considerable array of seismographs in
place, so it might be a suitable place to initiate a U.S. early-
warning system. Where earthquake risks are less well-recognized,
monitoring is typically also less intensive, and the public is cer-
tainly less aware of potential risks.

Other Potential Problem Areas

Perhaps an even more dangerous situation is that in which peo-
ple are not conditioned to regard their area as hazardous or
earthquake-prone. The central United States is an example.
Though most Americans think “California” when they hear
“earthquake,” some of the strongest and most devastating earth-
quakes ever in the continuous United States occurred in the
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vicinity of New Madrid, Missouri, during 1811-1812. The three
strongest shocks are each estimated to have had magnitudes
around 8; they were spaced over almost two months, from 16
December 1811 to 7 February 1812. Towns were leveled, or
drowned by flooding rivers. Tremors were felt from Quebec to
New Orleans and along the east coast from New England to
Georgia. Lakes were uplifted and emptied, while elsewhere the
ground sank to make new lakes; boats were flung out of rivers.
Aftershocks continued for more than fen years. Total damage
and casualties have never been accurately estimated. It is the se-
verity of those earthquakes that makes the central United States
a high-risk area on the U.S. seismic-risk map (figure 4.28).

The potential damage from even one earthquake as severe
as the worst of the New Madrid shocks is enormous: 12 million
people now live in the area. Yet very few of those 12 million are
probably fully aware of the nature and extent of the risk. The
big earthquakes there were a long time ago, beyond the memory
of anyone now living. More attention was focused on the area
by the (unfulfilled) amateur earthquake prediction made in late
1990, mentioned earlier. Beneath the midcontinent is a failed
rift, a place where the continent began to rift apart, then stopped.
Long and deep faults in the lithosphere there remain a zone of
weakness in the continent and a probable site of more major
tremors. It is just a matter of time. Unfortunately, the press gave
far more coverage to the 1990 “earthquake prediction” and to
public reaction to it than to the scientific basis for prediction
efforts generally or to the underlying geology and the nature of
the hazard there in particular. As a result, and because there then
was no major New Madrid earthquake in 1990, there is a real
danger that any future official, scientific earthquake predictions
for this area will not be taken seriously enough. The effects may
be far-reaching, too, when the next major earthquake comes.
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Figure 4.28

U.S. Seismic Hazard Map. The map reflects potential intensity of
possible earthquakes rather than just frequency. Scale shows
maximum horizontal acceleration (as % of g; see figure 4.17) that
has a 2-in-100 chance of being exceeded in the next 50 years.

From U.S. Geological Survey National Seismic Hazard Mapping
Project, 2008.
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Part of the danger that midcontinent, intraplate earthquakes
represent is related to the much broader areas likely to be affected,
given the much more efficient transmission of seismic energy in
the compact rocks that underlie these areas. Inner (dark tan) zone
in each case experienced Mercalli intensity VIl or above; outer (light
tan), intensity VI or above.

Source: After U.S. Geological Survey Professional Paper 1240-B

Seismic waves propagate much more efficiently in the solid,
cold, unfractured rocks of the continental interior than in, for
example, the younger, warmer, complexly faulted, jumbled
rocks around the San Andreas fault (figure 4.29). Therefore,
when the next major earthquake occurs in the New Madrid fault
zone, the consequences will be widespread.

There are still other hazards. The 1886 Charleston, South
Carolina, earthquake was a clear indication that severe earth-
quakes can occur in the east also, as is reflected in the seismic-
hazard map and in figure 4.29. Much of the southeastern United
States, however, is blanketed in sediment, which somewhat
complicates assessment of past activity and future hazards.

In the Pacific Northwest, there is seismicity associated
with subduction (figure 4.30). Recent measurements among the
mountains of Olympic National Park reveal crustal shortening
and uplift that may indicate locking along the subduction zone
to the west. An earthquake there could be as large as the 1964
Alaskan earthquake—also subduction-related—but with far
more potential for damage and lost lives among the more than
10 million people in the Seattle/Portland area. A bit of a wakeup
call in this regard was the magnitude-6.8 earthquake that shook
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At the northern end of the San Andreas Fault lies a subduction
zone under the Pacific Northwest.

Modified from U.S. Geological Survey.

the region in 2001. Though no lives were lost, over $1 billion in
damage resulted.

Canada is, on the whole, much less seismically active
than the United States. Still, each year, about 300 earthquakes
(only four of magnitude greater than 4) occur in eastern Canada,
where an apparent zone of crustal weakness exists in the conti-
nental interior. Numerous other earthquakes—again, mostly
small ones—occur in western Canada, primarily associated
with the subduction zone there. Fortunately, severe Canadian
earthquakes have been rare: a magnitude-7.2 event, complete
with tsunami, off the Grand Banks of Newfoundland in 1929;
an earthquake swarm with largest event magnitude 5.7 in cen-
tral New Brunswick in 1982; a magnitude-7.3 quake under
Vancouver Island in 1946; and a total of seven quakes of mag-
nitude 6 or greater in the area of southwestern Canada in the last
century. Still, the potential for significant earthquakes clearly
continues to exist, while public awareness, particularly in east-
ern Canada, is likely to be low.

Earthquakes result from sudden slippage along fault zones in
response to accumulated stress. Most earthquakes occur at plate
boundaries and are related to plate-tectonic processes.
Earthquake hazards include ground rupture and shaking,
liquefaction, landslides, tsunamis, coastal flooding, and fires. The
severity of damage is determined not only by the size of an

earthquake but also by underlying geology and the design of
affected structures. While earthquakes cannot be stopped, their
negative effects can be limited by (1) designing structures in active
fault zones to be more resistant to earthquake damage;

(2) identifying and, wherever possible, avoiding development in
areas at particular risk from earthquake-related hazards; (3) increasing
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public awareness of and preparedness for earthquakes in
threatened areas; (4) refining and expanding tsunami warning
systems and public understanding of appropriate response; and
(5) learning enough about patterns of seismicity over time along
fault zones, and about earthquake precursor phenomena, to make
accurate and timely predictions of earthquakes and thereby save

Key Terms and Concepts

lives. Until precise predictions on a short timescale become
feasible, longer-term earthquake forecasts may serve to alert the
public to general levels of risk and permit structural improvements
and planning for earthquake response, while very-short-term
warnings may allow automated emergency responses that save
lives and property.
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Questions for Review

1. Explain the concept of fault creep and its relationship to the
occurrence of damaging earthquakes.

2. Why must rocks behave elastically in order for earthquakes to
occur?

3. How do strike-slip and dip-slip faults differ?

4. In what kind of plate-tectonic setting might you find (a) a
strike-slip fault? (b) a thrust fault?

5. What is an earthquake’s focus? Its epicenter? Why are
deep-focus earthquakes concentrated in subduction zones?

6. Name the two kinds of seismic body waves, and explain how
they differ.

7. On what is the assignment of an earthquake’s magnitude
based? Is magnitude the same as intensity? Explain.

8. List at least three kinds of earthquake-related hazards, and
describe what, if anything, can be done to minimize the
danger that each poses.

9. What is a seismic gap, and why is it a cause for concern?

10. Describe the concept of earthquake cycles and their
usefulness in forecasting earthquakes.

11. Explain the distinction between earthquake prediction and
earthquake forecasting, and describe the kinds of precautions
that can be taken on the basis of each.

12. What is the basis for issuing earthquake early warnings as is
currently done in Japan? Cite two actions it makes possible
that would reduce casualties, and one limitation on its
usefulness.
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13. Evaluate fluid injection as a possible means of minimizing the
risks of large earthquakes.

14. Areas identified as high risk on the seismic-risk map of the
United States may not have had significant earthquake
activity for a century or more. Why, then, are they mapped as
high-risk regions?

Exploring Further

1. Check out current/recent seismicity for the United States and
Canada, or for the world, over a period of (a) one week and
(b) one month. Tabulate by magnitude and compare with
table 4.2. Are the recent data consistent with respect to
relative frequencies of earthquakes of different sizes?
Comment. (The USGS website http://earthquake.usgs.gov/
provides links to relevant data.)

2. Look up your birthday, or other date(s) of interest, in “Today in
Earthquake History” (http://earthquake.usgs.gov/learning/
today) and see what you find! Investigate the tectonic setting
of any significant earthquake listed.

3. Investigate the history of any modern earthquake activity in
your own area or in any other region of interest. What
geologic reasons are given for this activity? How probable is
significant future activity, and how severe might it be? (The
U.S. Geological Survey or state geological surveys might be
good sources of such information.)

4. Consider the issue of earthquake prediction from a public-policy
standpoint. How precise would you wish a prediction to be
before making a public announcement? Ordering an evacuation?
What kinds of logistical problems might you anticipate?


http://earthquake.usgs.gov/
http://earthquake.usgs.gov/learning/today
http://earthquake.usgs.gov/learning/today

On the morning of 18 May 1980, thirty-year-old David
Johnston, a volcanologist with the U.S. Geological Survey,
was watching the instruments monitoring Mount St. Helens in
Washington State. He was one of many scientists keeping a wary
eye on the volcano, expecting some kind of eruption, perhaps a
violent one, but uncertain of its probable size. His observation post
was more than 9 kilometers from the mountain’s peak. Suddenly,
he radioed to the control center, “Vancouver, Vancouver, this is it!”

It was indeed. Seconds later, the north side of the moun-
tain blew out in a massive blast that would ultimately cost nearly
$1 billion in damages and twenty-five lives, with another thirty-
seven persons missing and presumed dead. The mountain’s ele-
vation was reduced by more than 400 meters. David Johnston
was among the casualties. His death illustrates that even the ex-
perts still have much to learn about the ways of volcanoes. That
fact has been reinforced by a dozen more volcanologists’ deaths
since 1990—in Japan, Indonesia, Colombia, and Ecuador—as

Volcanoes

-~ —— outer crater

scientists studying active volcanoes were unexpectedly over-
come by sudden eruptive activity.

Mount St. Helens is not the only source of volcanic danger
in the United States. A dozen or more peaks in the western
United States could potentially become active, and other areas
also may present some threat. For example, the spectacular gey-
sers, hot springs, and other thermal features of Yellowstone
National Park reflect its fiery volcanic past and may foretell an
equally lively future. Another area of concern is the Long Valley-
Mammoth Lakes area of California, where deformation of the
ground surface and increased seismic activity may be evidence
of rising magma and impending eruption. And since 1983,
Kilauea has been intermittently active, swallowing roads and
homes as it builds Hawaii ever larger (figure 5.1).

Like earthquakes, volcanoes are associated with a variety of
local hazards; in some cases, volcanoes even have global impacts.
The dangers from any particular volcano, which are a function of

Deriba Caldera, western Sudan. The outer crater (caldera), 5 km (about 3 miles) wide, formed by the explosive eruption of Jebel Marra volcano
3500 years ago; later eruptions formed the inner crater. Water in the caldera is likely a mix of rainwater and water from hot springs.

Image courtesy of Earth Sciences and Image Analysis Laboratory, NASA Johnson Space Center.
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Figure 5.1

(A) Million-dollar Wahalua visitors’ center in Hawaii Volcanoes National Park, aflame as it is engulfed by lava in 1989. (B) Ruins of the visitors’

center after the lavas cooled.
Photograph (A) by J. D. Griggs, USGS Photo Library, Denver, Co.

what may be called its eruptive style, depend on the kind of
magma it erupts and on its geologic and geographic settings.

This chapter examines different kinds of volcanic phenomena
and ways to minimize the dangers.

Magma Sources and Types

Temperatures at the earth’s surface are too low to melt rock, but
temperature, like pressure, increases with depth. Some of this inter-
nal heat is left over from the earth’s formation; more is constantly
generated by the decay of naturally occurring radioactive elements
in the earth. The majority of magmas originate in the upper mantle,
at depths between 50 and 250 kilometers (30 and 150 miles), where
the temperature is high enough and the pressure is low enough that
the rock can melt, wholly or partially. They are typically generated
in one of three plate-tectonic settings: (1) at divergent plate bound-
aries, both ocean ridges and continental rift zones; (2) over subduc-
tion zones; and (3) at “hot spots,” isolated areas of volcanic activity
that are not associated with current plate boundaries.

The composition of a magma is determined by the
material(s) from which the melt is derived, and the extent of
melting of that source material. The tectonic setting in which the
magma is produced controls both what raw materials are avail-
able to melt and how the process proceeds. Thus each tectonic
setting tends to be characterized by certain magma composi-
tions. This is significant because a magma’s composition, in
turn, influences its physical properties, which determine the way
it erupts—quietly or violently—and therefore the particular
types of hazards it represents. Certain types of volcanic hazards
are therefore associated with particular plate-tectonic settings.

The major compositional variables among magmas are the
proportions of silica (SiO,), iron, and magnesium. In general,
the more silica-rich magmas are poorer in iron and magnesium,

94 Section Two Internal Processes

and vice versa. A magma (or rock) relatively rich in iron and
magnesium (and ferromagnesian silicates) is sometimes de-
scribed as mafic;, relatively silica-rich rocks tend to be rich in
feldspar as well, and such rocks and magmas are therefore some-
times called felsic. Figure 5.2 relates the various common volca-
nic rock types and their plutonic equivalents. Note that in this

PLUTONIC

Granite Granodiorite Diorite Gabbro Ultramafic

Quartz

Feldspars

Proportions of
minerals

Rhyolite

Andesite Basalt

VOLCANIC
SILICA-RICH/FELSIC <—— SILICA-POOR/MAFIC

Figure 5.2

Common volcanic rock types (bottom labels) and their plutonic
equivalents (top). The rock names reflect varying proportions of silica,
iron, and magnesium, and thus of common silicate minerals. Rhyolite is
the fine-grained, volcanic compositional equivalent of granite, and so on.



context, “‘silica-poor” still means 45 to 50% SiO,; all of the prin-
cipal minerals in most volcanic rocks are silicates. The most
silica-rich magmas may be up to 75% SiO,.

Magmas also vary in physical properties. The silica-poor
mafic lavas are characteristically “thin,” or low in viscosity, so
they flow very easily. The more felsic (silica-rich) lavas are more
viscous, thicker and stiffer, and flow very sluggishly. Magmas also
contain dissolved water and gases. As magma rises, pressure on it
is reduced, and these gases begin to escape. From the more fluid,
silica-poor magmas, gas escapes relatively easily. The viscous,
silica-rich magmas tend to trap the gases, which may lead, eventu-
ally, to an explosive eruption. The physical properties of magmas
and lavas influence the kinds of volcanic structures they build, as
well as their eruptive style, as we will explore later in the chapter.

So how do magmas originate? The asthenosphere is very
close to its melting temperature, which accounts for its plastic
behavior. Two things can trigger melting in this warm astheno-
sphere. One is a reduction in pressure. This promotes melting at
a spreading ridge or rift zone, as noted in chapter 3: pressure
from the overlying plates is reduced as they split and part, allow-
ing melting in the asthenosphere below. It also accounts for
melting in the rising plume of mantle at a hot spot, for as hot
plume material rises to shallower depths, the pressure acting on
it is reduced, and again some melting may occur. The other fac-
tor that can promote melting of the asthenosphere is the addition
of fluids, such as water. A subducting oceanic plate carries water
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down with it, in the seafloor rocks themselves, which interacted
with seawater as they formed, and in the sediments subducted
along with the lithospheric plate. As the subducted rocks and
sediments go down, they are heated by the surrounding warm
mantle, and eventually they become hot enough that the fluids
are driven off, rising into the asthenosphere above and starting it
melting. The effect is somewhat similar to the way that sprin-
kling salt on an icy sidewalk promotes melting of the ice.

The asthenosphere is extremely rich in ferromagnesians
(“ultramafic”). The partial melts of asthenosphere that result from
these processes are typically mafic. This accounts for the basalt
(mafic volcanic rock) that forms new sea floor at spreading ridges. At
a continental rift zone, the asthenosphere-derived melt is also mafic,
but the rising hot basaltic magma may warm the more granitic con-
tinental crust enough to produce some silica-rich melt also—making
rhyolite, the volcanic equivalent of granite—or the basaltic magma
may incorporate some crustal material to make andesite, interme-
diate in composition between the mafic basalt and felsic rhyolite.

The magma typical of a hot-spot volcano in an ocean basin
is similar to that of a seafloor spreading ridge: mafic, basaltic melt
derived from partial melting of the ultramafic mantle, which will
remain basaltic even if it should interact with the basaltic sea floor
on its way to the surface. A hot spot under a continent may produce
more felsic magmas, just as can occur in a continental rift zone.

Magmatic activity in a subduction zone can be complex
(figure 5.3). The bulk of melt generated is again likely to be

Water from
subducting crust

Mantle (asthenosphere)

Figure 5.3

In a subduction zone, water and other fluids from the downgoing slab and sediments promote melting of asthenosphere; the hot, rising
magma, in turn, may assimilate or simply melt overlying lithosphere, producing a variety of melt compositions.
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mafic initially, derived from the asthenosphere as water is re-
leased from the subducted sediments and slab of lithosphere.
There may be contributions to the melt from melting of the
sediments and, as subduction and slab warming proceed, even
from some melting of the slab itself. Partial melting of basal-
tic slab material would add a more andesitic component. Melt-
ing of the basaltic crust and mafic upper mantle of the
subducted slab, or of the asthenosphere above it, would tend
to produce basaltic or perhaps andesitic magma. Sediments
derived from continental crust would be relatively silica-rich,
so the addition of melted sediments to the magma could tend
to make it more felsic.

Interaction with the overriding plate adds further com-
plexity. Incorporation of crust from an overriding continent as
the magma rises toward the surface adds more silica, and ulti-
mately, an andesitic-to-rhyolitic melt may result. Heat from the
rising magma can melt adjacent continental rocks to produce a
separate granitic melt. In an island-arc setting, the overriding
plate is not silica-rich, so the lavas erupted at the surface are
basaltic to andesitic in composition.

Styles and Locations
of Volcanic Activity

Given the definition of volcanic rock—igneous rock formed at
or near the earth’s surface—most volcanic rock is actually cre-
ated at the seafloor spreading ridges, where magma fills cracks
in the lithosphere and crystallizes close to the surface. Spread-
ing ridges spread at the rate of only a few centimeters per year,
but there are some 50,000 kilometers (about 30,000 miles) of
these ridges presently active in the world. All in all, that adds up
to an immense volume of volcanic rock. However, most of this
activity is out of sight under the oceans, where it is largely un-
noticed, and it involves quietly erupting mafic magma, so it
presents no dangers to people.

Continental Fissure Eruptions

The outpouring of magma at spreading ridges is an example of
fissure eruption, the eruption of magma out of a crack in the
lithosphere, rather than from a single pipe or vent (see fig-
ure 5.4). (The structure of any fissure that transects the whole
lithosphere is much more complex than shown in that figure,
with multiple cracks and magma pathways.) There are also ex-
amples of fissure eruptions on the continents.

One example in the United States is the Columbia Plateau,
an area of over 150,000 square kilometers (60,000 square miles)
in Washington, Oregon, and Idaho, covered by layer upon layer
of basalt, piled up nearly a mile deep in places (figure 5.5).
This area may represent the ancient beginning of a continental
rift that ultimately stopped spreading apart. It is no longer ac-
tive but serves as a reminder of how large a volume of magma
can come welling up from the asthenosphere when zones of
weakness in the lithosphere provide suitable openings. Even
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Figure 5.4

Schematic diagram of a continental fissure eruption. (At a spreading
ridge, the magma has generally solidified before it can spread very
far sideways at the surface, quenched by cold seawater.)

Figure 5.5

Flood basalts. (A) Areal extent of Columbia River flood basalts.

(B) Multiple lava flows, one atop another, can be seen in an outcrop
of these flows in Washington state.

(B) Photograph by P. Weis, U.S. Geological Survey



Figure 5.6

Map showing locations of recently active volcanoes of the world. (Submarine volcanoes not shown.)

larger examples of such “flood basalts” on continents, covering
more than a million square kilometers, are found in India and in
Brazil.

Individual Volcanoes—Locations

Most people think of volcanoes as eruptions from the central
vent of some sort of mountainlike object. Figure 5.6 is a map of
such volcanoes presently or recently active in the world, and it
shows a particularly close association between volcanoes and
subduction zones. Proximity to an active subduction zone, then,
is an indication of possible volcanic, as well as earthquake,
hazards. The so-called Ring of Fire, the collection of volcanoes
rimming the Pacific Ocean, is really a ring of subduction zones.
A few volcanoes are associated with continental rift zones—for
instance, Kilimanjaro and other volcanoes of the East African
Rift system.

As with earthquakes, a few volcanic anomalies are not
associated with plate boundaries. Hawaii is one: an isolated hot
spot in the mantle apparently accounts for the Hawaiian Islands,
as discussed in chapter 3. Other hot spots may lie under the
Galdpagos Islands, Iceland, and Yellowstone National Park,
among other examples (figure 5.7). What, in turn, accounts for
the hot spots is not clear. Some have suggested that hot spots
represent regions within the mantle that have slightly higher
concentrations of heat-producing radioactive elements and,
therefore, more melting and more magma. Others have sug-
gested that the cause of hot spots lies in similar concentrations
of radioactive elements in the outer core and that plumes of
warm material rise from the core/mantle boundary to create

them. Whatever the cause of hot spots, they are long-lived fea-
tures; recall from chapter 3 that the volcanoes formed as the
Pacific Plate moved over the now-Hawaiian hot spot span some
70 million years.

The volcanoes of figure 5.6, eruptions from pipes or vents
rather than from fissures, can be categorized by the kinds of
structures they build. The structure, in turn, reflects the kind of
volcanic material erupted and, commonly, the tectonic setting.
It also provides some indication of what to expect in the event
of future eruptions.

Shield Volcanoes

As noted, the mafic basaltic lavas are comparatively fluid, so
they flow very freely and far when erupted. The kind of vol-
cano they build, consequently, is very flat and low in relation
to its diameter and large in areal extent. This low, shieldlike
shape has led to the term shield volcano for such a structure
(figure 5.8). Though the individual lava flows may be thin—a
few meters or less in thickness—the buildup of hundreds or
thousands of flows through time can produce quite large ob-
jects. The Hawaiian Islands are all shield volcanoes. Mauna
Loa, the largest peak on the island of Hawaii, rises 3.9 kilome-
ters (about 2.5 miles) above sea level. If measured properly
from its true base, the sea floor, it is much more impressive:
about 10 kilometers (6 miles) high and 100 kilometers in di-
ameter at its base. With such broad, gently sloping shapes, the
islands do not necessarily even look much like volcanoes from
sea level.
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Figure 5.7

Selected prominent“hot spots” around the world. Some coincide with plate boundaries; most do not.

Cinder Cones

When magma wells up toward the surface, the pressure on it is
reduced, and dissolved gases try to bubble out of it and escape.
The effect is much like popping the cap off a soda bottle: The
soda contains carbon dioxide gas under pressure, and when the
pressure is released by removing the cap, the gas comes bub-
bling out.

Sometimes, the built-up gas pressure in a rising magma is
released more suddenly and forcefully by an explosion that
flings bits of magma and rock out of the volcano. The magma
may freeze into solid pieces before falling to earth. The bits of
violently erupted volcanic material are described collectively as
pyroclastics, from the Greek words for fire (pyros) and broken
(klastos). The most energetic pyroclastic eruptions are more
typical of volcanoes with thicker, more viscous silicic lavas
because the thicker lavas tend to trap more gases. Gas usually
escapes more readily and quietly from the thinner basaltic la-
vas, though even basaltic volcanoes may sometimes put out
quantities of ash and small fragments as their dissolved gases
rush out of the volcano.

The fragments of pyroclastic material can vary consider-
ably in size (figure 5.9), from very fine, flourlike, gritty volcanic
ash through cinders ranging up to golf-ball-size pieces, to large
volcanic blocks that may be the size of a house. Blobs of liquid
lava may also be thrown from a volcano; these are volcanic
“bombs.”
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While basaltic magmas generally erupt as fluid lava flows,
they sometimes produce small volumes of chunky volcanic cin-
ders that fall close to the vent from which they are thrown. The
cinders may pile up into a very symmetric cone-shaped heap
known as a cinder cone (figure 5.10).

Composite Volcanoes

Many volcanoes erupt somewhat different materials at different
times. They may emit some pyroclastics, then some lava, then
more pyroclastics, and so on. Volcanoes built up in this layer-
cake fashion are called stratovolcanoes, or, alternatively, com-
posite volcanoes, because they are built up of layers of more
than one kind of material (figure 5.11). The mix of lava and
pyroclastics allows them to grow larger than either cinder cones
or volcanic domes. Most of the potentially dangerous volcanoes
worldwide are composite volcanoes. All tend to have fairly stiff,
gas-charged andesitic lavas that sometimes flow and sometimes
trap enough gases to erupt explosively with a massive blast and
arain of pyroclastic material. We will look at these volcanoes in
more detail later.

When not erupting explosively, the slow-flowing rhy-
olitic and andesitic lavas tend to ooze out at the surface like
thick toothpaste from a tube, piling up close to the volcanic
vent, rather than spreading freely. The resulting structure is a
compact and steep-sided lava dome (figure 5.12). Often, a
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Figure 5.8

Shield volcanoes and their characteristics. (A) Simplified diagram of
a shield volcano in cross section. (B) Very thin lava flows, like these
on Kilauea in Hawaii, are characteristic of shield volcanoes.

(C) Fluidity of Hawaiian lavas is evident even after they have
solidified. This ropy-textured surface is termed pahoehoe
(pronounced “pa-hoy-hoy”). (D) Mauna Loa, an example of a shield
volcano, seen from low altitude. Note the gently sloping shape.
The peak of Mauna Kea rises at rear of photograph.

Photographs (B) and (D) courtesy of USGS Photo Library, Denver, CO.

lava dome will build in the crater of a composite volcano after
an explosive eruption, as with Mount St. Helens since 1980.

The relative sizes of these three types of volcanoes are
shown in figure 5.13.

Hazards Related to Volcanoes

Lava

Many people instinctively assume that lava is the principal
hazard presented by a volcano. Actually, lava generally is not
life-threatening. Most lava flows advance at speeds of only a
few kilometers an hour or less, so one can evade the advancing
lava readily even on foot. The lava will, of course, destroy or
bury any property over which it flows. Lava temperatures are

typically over 850°C (over 1550°F), and basaltic lavas can be
over 1100°C (2000°F). Combustible materials—houses and
forests, for example—burn at such temperatures. Other prop-
erty may simply be engulfed in lava, which then solidifies into
solid rock.

Lavas, like all liquids, flow downhill, so one way to pro-
tect property is simply not to build close to the slopes of the
volcano. Throughout history, however, people have built on or
near volcanoes, for many reasons. They may simply not expect
the volcano to erupt again (a common mistake even today).
Also, soil formed from the weathering of volcanic rock may be
very fertile. The Romans cultivated the slopes of Vesuvius and
other volcanoes for that reason. Sometimes, too, a volcano is
the only land available, as in the Hawaiian Islands or Iceland.

Iceland sits astride the Mid-Atlantic Ridge, rising
above the sea surface because it is on a hot spot as well as a

Chapter Five Volcanoes 99



C
Figure 5.9

5 (42
& .. ,j_t\_}ﬁ: 1} A
SRR

Volcanic ash from Mount St. Helens (A), bombs from Mauna Kea (B), and cinders from Sunset Crater, Arizona (C) are all types of pyroclastics (which
sometimes are produced even by the placid shield volcanoes). Bombs are molten, or at least hot enough to be plastic, when erupted, and may
assume a streamlined shape in the air. (D) is volcanic breccia (at Mt. Lassen) formed of welded hot pyroclastics. See also Case Study 5.2, figure 2.

Photograph (A) by D. F. Wieprecht, (B) by J. P. Lockwood, both courtesy U.S. Geological Survey

spreading ridge, and thus a particularly active volcanic area.
Off the southwestern coast of the main island are several
smaller volcanic islands. One of these tiny islands, Heimaey,
accounts for the processing of about 20% of Iceland’s major
export, fish.

Heimaey’s economic importance stems from an excel-
lent harbor. In 1973, the island was split by rifting, followed by
several months of eruptions. The residents were evacuated
within hours of the start of the event. In the ensuing months,
homes, businesses, and farms were set afire by falling hot py-
roclastics or buried under pyroclastic material or lava. When
the harbor itself, and therefore the island’s livelihood, was
threatened by encroaching lava, officials took the unusual step
of deciding to fight back.
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The key to the harbor’s defense was the fact that the colder
lava becomes, the thicker, more viscous, and slower-flowing it
gets. When cooled enough, it may solidify altogether. When a
large mass of partly solidified lava has accumulated at the ad-
vancing edge of a flow, it begins to act as a natural dam to stop
or slow the progress of the flow. How could one cool a lava flow
more quickly? The answer surrounded the island—water. Using
pumps on boats and barges in the harbor, the people of Heimaey
directed streams of water at the lava’s edge. They also ran pipes
(prevented from melting, in part, by the cool water running
through them) across the solid crust that had started to form on
the flow, and positioned them to bring water to places that could
not be reached directly from the harbor. And it worked: part of
the harbor was filled in, but much of it was saved, along with the



Figure 5.10

Paricutin (Mexico), a classic cinder cone. (A) Night view shows
formation by accumulation of pyroclastics flung out of the vent.

(B) Shape of the structure revealed by day is typical symmetric form of
cinder cones.

(B) Photograph by K. Segerstrom;, both courtesy of USGS Photo Library,
Denver, CO.
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Figure 5.11

(A) Schematic cutaway view of a composite volcano (stratovolcano), formed of alternating layers of lava and pyroclastics. (B) Two composite
volcanoes of the Cascade Range: Mount St. Helens (foreground) and Mt. Rainier (rear); photograph predates 1980 explosion of Mount St. Helens.

(B) Photograph by D. R. Mullineux, USGS Photo Library, Denver, CO.

fishing industry on Heimaey (see figure 5.14). In fact, the re-
maining harbor, partially closed off and thus sheltered by the
newly formed rock, was in some respects improved by the in-
creased protection.

This bold scheme succeeded, in part, because the needed
cooling water was abundantly available and, in part, because
the lava was moving slowly enough already that there was time
to undertake flow-quenching operations before the harbor was
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Figure 5.12

Multiple lava domes have formed in the summit crater of Mount
St. Helens since the 1980 eruption.

Photograph courtesy of U.S. Geological Survey

filled. Also, the economic importance of the harbor justified the
expense of the effort, estimated at about 1.5 million U.S. dol-
lars. Similar efforts in other areas have not always been equally
successful. (Still, the idea did form the basis for a dramatic se-
quence in the fictional movie Volcano!)

Where it is not practical to arrest the lava flow altogether,
it may be possible to divert it from an area in which a great deal
of damage may be done to an area where less valuable property
is at risk. Sometimes, the motion of a lava flow is slowed or
halted temporarily during an eruption because the volcano’s
output has lessened or because the flow has encountered a nat-
ural or artificial barrier. The magma contained within the solid
crust of the flow remains molten for days, weeks, or sometimes
months. If a hole is then punched in this crust by explosives,
the remaining fluid magma inside can flow out and away. Care-
ful placement of the explosives can divert the flow in a chosen
direction.

A procedure of this kind was tried in Italy, where, in early
1983, Mount Etna began another in an intermittent series of
eruptions. By punching a hole in a natural dam of old volcanic
rock, officials hoped to divert the latest lavas to a broad, shallow,

uninhabited area. Unfortunately, the effort was only briefly suc-
cessful. Part of the flow was diverted, but within four days, the
lava had abandoned the planned alternate channel and resumed
its original flow path. Later, new flows threatened further de-
struction of inhabited areas.

Lava flows may be hazardous to property, but in one
sense, they are at least predictable: Like other fluids, they flow
downhill. Their possible flow paths can be anticipated, and once
they have flowed into a relatively flat area, they tend to stop.
Other kinds of volcanic hazards can be trickier to deal with, and
they affect much broader areas. (Still, even with lava, common
sense does not always prevail; see Case Study 5.1.)

Pyroclastics

Pyroclastics—those fragments of hot rock and spattering lava—
are often more dangerous than lava flows. Pyroclastics erupt
more suddenly and explosively, and spread faster and farther.
The largest blocks and volcanic bombs present an obvious dan-
ger because of their size and weight. For the same reasons,
however, they usually fall quite close to the volcanic vent, so
they affect a relatively small area.

The sheer volume of the finer ash and dust particles can
make them as severe a problem, and they can be carried over a
much larger area. Also, ashfalls are not confined to valleys and
low places. Instead, like snow, they can blanket the countryside.
The 18 May 1980 eruption of Mount St. Helens (see aftermath,
figure 5.15) was by no means the largest such eruption ever
recorded, but the ash from it blackened the midday skies more
than 150 kilometers away, and measurable ashfall was detected
halfway across the United States. Even in areas where only a
few millimeters of ash fell, transportation ground to a halt as
drivers skidded on slippery roads and engines choked on air-
borne dust. Volcanic ash is also a health hazard, both uncom-
fortable and dangerous to breathe. The cleanup effort required
to clear the debris strewn about by Mount St. Helens was
enormous. As just one example, it has been estimated that
600,000 tons of ash landed on the city of Yakima, Washington,
more than 100 kilometers (60 miles) away.

Past explosive eruptions of other violent volcanoes have
been equally devastating, or more so, in terms of pyroclastics.
When the city of Pompeii was destroyed by Mount Vesuvius in
A.D. 79, it was buried not by lava, but by ash. (This is why

Mauna Loa
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Kilauea
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Composite Cinder cone:

volcano: Sunset Crater,
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California

Figure 5.13

The voluminous, free-flowing lavas of shield volcanoes can build huge edifices; composite volcanoes and cinder cones are much smaller, as

well as steeper-sided.
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Figure 5.14

Impact of lava flows on Heimaey, Iceland. (A) Map showing extent
of lava filling the harbor of Heimaey after 1973 eruption. (B) Lava-flow
control efforts on Heimaey.

Source: (A) Data from R. Decker and B. Decker, Volcanoes, copyright ©
1981 by W. H. Freeman and Company. Photograph (B) courtesy of
USGS Photo Library, Denver, CO.

extensive excavation of the ruins has been possible.) Contem-
porary accounts suggest that most residents had ample time to
escape as the ash fell, though many chose to stay, and died.
They and the town were ultimately buried under tons of ash—
so much that Pompeii’s very existence was forgotten until some

Figure 5.15

The 1980 eruption of Mount St. Helens blew off the top 400 meters
(over 1300 feet) of mountain. Twenty years later, the landscape was
still blanketed in thick ash, gullied by runoff water.

ruins were discovered during the late 1600s. The 1815 explosion
of Tambora in Indonesia blew out an estimated 100 cubic kilo-
meters of debris, and the prehistoric explosion of Mount
Mazama, in Oregon, which created the basin for the modern
Crater Lake, was larger still.

Lahars

Volcanic ash and water can combine to create a fast-moving
volcanic mudflow called a lahar. Victims are engulfed and
trapped in dense mud, which may also be hot from the heat of
the ash. Such mudflows, like lava flows, flow downhill. They
may tend to follow stream channels, choking them with mud
and causing floods of stream waters. Flooding produced in this
way was a major source of damage near Mount St. Helens in
1980. In A.D. 79, Herculaneum, closer to Vesuvius than was
Pompeii, was partially invaded by volcanic mudflows, which
preserved the bodies of some of the casualties in mud casts. Fol-
lowing the 1991 eruption of Mount Pinatubo in the Philippines,
drenching typhoon rains soaked the ash blanketing the moun-
tain’s slopes, triggering devastating lahars (figure 5.16). Nor is
rain an essential ingredient; with a snow-capped volcano, the
heat of the falling ash melts snow and ice on the mountain, pro-
ducing a lahar. The 1985 eruption of Nevado del Ruiz, in
Colombia, was a deadly example (figure 5.17). The swift and
sudden mudflows that swept down its steep slopes after its
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Figure 5.16

(A) Aerial view of Abacan River channel in Angeles City near Clark
Air Force Base, Philippines. A mudflow has taken out the main
bridge: makeshift bridges allow pedestrians to cross the debris.

(B) Some houses were swamped by lahars. Typhoon rains dropping
soaking ash on roofs also contributed to casualties when the
overburdened roofs collapsed.

(A) Photograph by T. J. Casadevall, (B) Photograph by R. P. Hoblitt, both
courtesy U.S. Geological Survey
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Figure 5.17

The town of Armero was destroyed by lahars from Nevado del Ruiz
in November 1985; more than 23,000 people died. These ruins
emerged as the flows moved on and water levels subsided.

Photograph by R. Janda, USGS Cascade Volcano Observatory

snowy cap was partially melted by hot ash were the principal
cause of deaths in towns below the volcano.

Even after the immediate danger is past, when the lahars
have flowed, long-term impacts remain. They often leave behind
stream channels partially filled with mud, their water-carrying
capacity permanently reduced, which aggravates ongoing flood
hazards in the area. To dredge this mud to restore channel ca-
pacity can be very costly, and areas far from the volcano can be
thus affected. This was a significant problem in the case of
Mount St. Helens.

Pyroclastic Flows—Nuées Ardentes

Another special kind of pyroclastic outburst is a deadly,
denser-than-air mixture of hot gases and fine ash that forms
a hot pyroclastic flow, quite different in character from a
rain of ash and cinders. A pyroclastic flow is sometimes
known as a nuée ardente (from the French for “glowing
cloud”). A nuée ardente is very hot—temperatures can be
over 1000°C in the interior— and it can rush down the slopes
of the volcano at more than 100 kilometers per hour (60 miles
per hour), charring everything in its path. Such pyroclastic
flows accompanied the major eruption of Mount St. Helens
in 1980 (figure 5.18).

Perhaps the most famous such event in recent history
occurred during the 1902 eruption of Mont Pelée on the
Caribbean island of Martinique. The volcano had begun erupt-
ing weeks before, emitting both ash and lava, but was believed
by many to pose no imminent threat to surrounding towns.
Then, on the morning of May 8, with no immediate advance



Figure 5.18

Pyroclastic flow from Mount St. Helens.
Photograph by P. W. Lipman, USGS Photo Library, Denver, CO.

warning, a nuée ardente emerged from that volcano and swept
through the nearby town of St. Pierre and its harbor. In a pe-
riod of about three minutes, an estimated 25,000 to 40,000
people died or were fatally injured, burned and or suffocated.
The single reported survivor in the town was a convicted mur-
derer who had been imprisoned in the town dungeon, under-
ground, where he was shielded from the intense heat. He spent
four terrifying days buried alive without food or water before
rescue workers dug him out. Figure 5.19 gives some idea of
the devastation.

Just as some volcanoes have a history of explosive erup-
tions, so, too, many volcanoes have a history of eruption of py-
roclastic flows. Again, the composition of the lava is linked to
the likelihood of such an eruption. While the emergence of a
nuée ardente may be sudden and unheralded by special warning
signs, it is not generally the first activity shown by a volcano
during an eruptive stage. Steam had issued from Mont Pelée for
several weeks before the day St. Pierre was destroyed, and lava
had been flowing out for over a week. This suggests one possi-
ble strategy for avoiding the dangers of these hot pyroclastic/
gas flows: When a volcano known or believed to be capable of
such eruptions shows signs of activity, leave.

Figure 5.19

St. Pierre, Martinique, West Indies, was destroyed by a nuée ardente
from Mont Pelée, 1902.

Photograph by Underwood and Underwood, courtesy Library of Congress

Sometimes, however, human curiosity overcomes both
fear and common sense, even when danger is recognized. A few
days before the destruction of St. Pierre, the wife of the U.S.
consul there wrote to her sister:

This morning the whole population of the city is on the alert,
and every eye is directed toward Mont Pelée, an extinct
volcano. Everybody is afraid that the volcano has taken into
its heart to burst forth and destroy the whole island. Fifty
years ago, Mont Pelée burst forth with terrific force and
destroyed everything within a radius of several miles. For
several days, the mountain has been bursting forth in flame
and immense quantities of lava are flowing down its sides. A/l
the inhabitants are going up to see it. . . . (Garesche 1902;
Complete story of the Martinique and St. Vincent horrors.

L. G. Stahl, emphasis added)

Evacuations can themselves be disruptive. If, in retro-
spect, the danger turns out to have been a false alarm, people
may be less willing to heed a later call to clear the area. There
are other volcanoes in the Caribbean similar in character to
Mont Pelée. In 1976, La Soufriere on Guadeloupe began its
most recent eruption. Some 70,000 people were evacuated and
remained displaced for months, but only a few small explo-
sions occurred. Government officials and volcanologists were
blamed for disruption of people’s lives, needless as it turned
out to be. When Soufriere Hills volcano on Montserrat in the
West Indies began to erupt in 1995, it soon became apparent
that evacuation was necessary. Since then, casualties have
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Case Study 5.1

Living with Lava on Hawaii

The island of Hawaii is really a complex structure built of five
overlapping shield volcanoes. Even where all the terrain is volcanic,
however, degrees of future risk can be determined from the types,
distribution, and ages of past eruptions (figure 1A).

The so-called East Rift of Kilauea in Hawaii has been particularly
active in recent years (figure 1B). Less than ten years after a series of
major eruptions in the 1970s, a new subdivision—Royal Gardens—was
begun below the East Rift. In 1983, lava flows from a renewed round of
eruptions that began the year before reached down the slopes of the
volcano and quietly obliterated new roads and houses. The eruptions
have continued intermittently over more than 25 years since then

Increasing severity
of hazard

(figure 2). The photographs in figure 3 illustrate some of the results. Even
those whose homes have survived are hardly unaffected. They are
isolated by several miles of lava from the nearest road to a grocery store,
have no water or electricity, and are unable to insure what they have
left—never mind sell the property in which they invested.

When asked why anyone would have built in such a spot, where
the risks were so obvious, one native shrugged and replied, “Well, the
land was cheap.” It will probably remain so, too—a continuing
temptation to unwise development—in the absence of zoning
restrictions. Meanwhile, Kilauea seems far from finished with this
eruptive phase. In fact, in early 2008, steam and small volumes of
pyroclastics began to issue from the Halema'uma'u crater in the
summit caldera of Kilauea. As this is written, such summit eruptions
continue, along with the voluminous lava flows from the east rift zone
mapped in figure 2.

Over centuries, Hawaiians and other residents of active volcanic
areas have commonly become philosophical about such activity.
Anyone living in Hawaii is, after all, living on a volcano, and as noted, the
nonviolent eruptive style of these shield volcanoes means that they
rarely take lives. Staying out of the riskiest areas greatly reduces even
the potential for loss of property. Still, as populations grow and migrate,
more people may be tempted to move into areas that might better be
avoided altogether! As outsiders unfamiliar with volcanoes move into
an area like Hawaii, they may unknowingly settle in higher-risk areas.
Sometimes, too, a particularly far-reaching flow will obliterate a town
untouched for a century or more, where residents might have become
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Figure 1

(A) Volcanic-hazard map of Hawaii showing the five volcanoes (labeled) and major associated rift zones (red). Degree of risk is related to topography
(being downslope from known vents is worse), and extent of recent flows in the area. Zones 6-9 have experienced little or no volcanism for over
750 years; in Zone 1, 65% or more of the area has been covered by lava in that time, and more than 25% since 1800. (B) Hazard map for Kilauea’s East

Rift Zone; note the number of relatively recent flows.

(A) After C. Heliker, Volcanic and Seismic Hazards of Hawaii, U.S. Geological Survey, 1991 (B) Courtesy U.S. Geological Survey/Hawaii Volcanoes Observatory




Figure 2

An eruptive phase can continue for decades, with activity shifting geographically over time. Note location of Royal Gardens subdivision, which sits on a
steep slope below the east rift.

Map courtesy U.S. Geological Survey/Hawaii Volcanoes Observatory

A B

Figure 3

(A) Lava flowing over a nearly new road In the Royal Gardens
subdivision, Kilauea, Hawaii, 1983. Hot lava can even ignite asphalt.

(B) By 1986, destruction in Royal Gardens and Kalapana Gardens
subdivisions was widespread. Here, vegetation has died from heat; note
engulfed truck at rear of photograph. (C) By 1989, advancing tongues of
lava had stretched to the coast and threatened more property. Water
was sprayed both on flow fronts (to attempt to quench and halt them)
and on structures (to cool and dampen them to suppress fire). But
volumes of lava kept coming, and eventually structures and whole
towns were overrun. This same building is the one featured in figure 5.1.
Even the ruin in figure 5.1B is now entombed under younger lava flows,
and vanished.

(B) and (C) Photographs by J. D. Griggs, all courtesy USGS Photo Library,
Denver, CO.




been few, but property damage is extensive and continuing
(figure 5.20).

Fortunately, officials took the 1980 threat of Mount St.
Helens seriously after its first few signs of reawakening. The
immediate area near the volcano was cleared of all but a few
essential scientists and law enforcement personnel. Access to
hundreds of square kilometers of terrain around the volcano
was severely restricted for both residents and workers (mainly
loggers). Others with no particular business in the area were

Figure 5.20

(A) By the time this ash cloud loomed over Plymouth on
Montserrat, on 27 July 1996, the town had been evacuated; the
potential for pyroclastic eruptions of Soufriere Hills volcano was
well recognized. (B) By March 2003, pyroclastic flows had covered
much of the mountain.

(A) Photograph © Gary Sego, (B) photograph © Montserrat Volcano
Observatory Government of Montserrat and British Geological Survey;
used by permission of the Director, MVO
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banned altogether. Many people grumbled at being forced from
their homes. A few flatly refused to go. Numerous tourists and
reporters were frustrated in their efforts to get a close look at the
action. When the major explosive eruption came, there were
casualties, but far fewer than there might have been. On a
normal spring weekend, 2000 or more people would have been
on the mountain, with more living or camping nearby. Consid-
ering the influx of the curious once eruptions began and the
numbers of people turned away at roadblocks leading into the
restricted zone, it is possible that, with free access to the area,
tens of thousands could have died. Many lives were likewise
saved by timely evacuations near Mount Pinatubo in 1991,
made possible by careful monitoring and supported by inten-
sive educational efforts by the government.

Toxic Gases

In addition to lava and pyroclastics, volcanoes emit a variety of
gases (figure 5.21). Water vapor, the primary component, is not a
threat, but several other gases are. Carbon dioxide is nontoxic, yet
can nevertheless be dangerous at high concentrations, as de-
scribed below. Other gases, including carbon monoxide, various
sulfur gases, and hydrochloric acid, are actively poisonous. In the
1783 eruption of Laki in Iceland, toxic fluorine gas emissions
apparently accounted for many of the 10,000 casualties. Many
people have been killed by volcanic gases even before they real-
ized the danger. During the A.D. 79 eruption of Vesuvius, fumes
overcame and killed some unwary observers. Again, the best de-
fense against harmful volcanic gases is common sense: Get well
away from the erupting volcano as quickly as possible.

A bizarre disaster, indirectly attributable to volcanic
gases, occurred in Cameroon, Africa, in 1986. Lake Nyos is one
of a series of lakes that lie along a rift zone that is the site of
intermittent volcanic activity. On 21 August 1986, a massive

Figure 5.21

“Vog" (volcanic fog) from the Pu’'u O'o vent on Kilauea’s east rift
drifts across the evening sky. A blend of water vapor, carbon
dioxide, sulfur gases, and acids such as hydrochloric, it can be toxic,
especially to those with respiratory problems.



cloud of carbon dioxide (CO,) gas from the lake flowed out
over nearby towns and claimed 1700 lives. The victims were
not poisoned; they were suffocated. Carbon dioxide is about
50% denser than air, so such a cloud tends to settle near the
ground and to disperse only slowly. Anyone engulfed in that
cloud would suffocate from lack of oxygen, and without warn-
ing, for CO, is both odorless and colorless. Furthermore, this is
an ongoing threat distinct from obvious eruptions. The source
of the gas in this case is believed to be near-surface magma be-
low. The magmatic CO, apparently seeps up into the lake,
where it accumulates in lake-bottom waters. Seasonal overturn
of the lake waters as air temperatures change can lead to its re-
lease. Currently, both Lake Nyos and nearby Lake Monoun

(where 37 people dropped dead on a road in 1984, in what is
now believed to have been a similar CO, release) are being
studied and monitored closely, and efforts to release CO, from
Lake Nyos harmlessly have been initiated.

Carbon dioxide can be deadly to vegetation as well as to
people. In 1990, tree kills began in the vicinity of Mammoth
Mountain, California, near the Long Valley Caldera discussed
later in the chapter. More than 100 acres of trees died over the
next decade (figure 5.22A). Evidently, CO, from magma below
was rising along a fault and, being denser than air, accumulat-
ing in the soil. The tree roots need to absorb some oxygen from
soil gas, but in the area of the kills, the soil gases had become
up to 95% CO,, suffocating the trees. Residents of the area need

Mammoth Mountain CO, GAS
Above ground

Below ground

Fault

\ i

\ . \ Trapped layer

Figure 5.22

Snowbank

(A) The tree kills that began in 1990 could not be explained by drought or insect damage, prompting researchers to investigate soil gases and
discover the high CO, levels. (B) Magma-derived CO, can seep toward the surface along faults, then accumulate in pores in soil, in basements,

or even in surface depressions and under snowpack.

(A) Photograph by Dina Venezky, U.S. Geological Survey; (B) From USGS Fact Sheet 172-96.
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to be aware, too, that the CO, might settle in basements, where
it could reach hazardous concentrations (figure 5.22B).

Steam Explosions

Some volcanoes are deadly not so much because of any charac-
teristic inherent in the particular volcano but because of where
they are located. In the case of a volcanic island, large quantities
of seawater may seep down into the rock, come close to the hot
magma below, turn to steam, and blow up the volcano like an
overheated steam boiler. This is called a phreatic eruption or
explosion.

The classic example is Krakatoa (Krakatau) in Indone-
sia, which exploded in this fashion in 1883. The force of its
explosion was estimated to be comparable to that of 100 mil-
lion tons of dynamite, and the sound was heard 3000 kilome-
ters away in Australia. Some of the dust shot 80 kilometers
into the air, causing red sunsets for years afterward, and ash
was detected over an area of 750,000 square kilometers. Fur-
thermore, the shock of the explosion generated a tsunami that
built to over 40 meters high as it came onshore! Krakatoa it-
self was an uninhabited island, yet its 1883 eruption killed an
estimated 36,000 people, mostly in low-lying coastal regions
inundated by tsunamis.

In earlier times, when civilization was concentrated in
fewer parts of the world, a single such eruption could be even
more destructive. During the fourteenth century B.c., the volcano
Santorini on the island of Thera exploded and caused a tsunami
that wiped out many Mediterranean coastal cities. Some schol-
ars have suggested that this event contributed to the fall of the
Minoan civilization, as well as to the Atlantis legend.

Landslides and Collapse

The very structure of a volcano can become unstable and be-
come a direct or indirect threat. As rocks weather and weaken,
they may come tumbling down the steep slopes of a composite
volcano as a landslide that may bury a valley below, or dam a
stream to cause flooding. Just removing that weight from the
side of the volcano may allow gases trapped under pressure to
blast forth through the weakened area. This, in fact, is what hap-
pened at Mount St. Helens in 1980. With an island or coastal
volcano, a large landslide crashing into the sea could trigger a
tsunami. Such an event in 1792 at Mt. Mayuyama, Japan, killed
15,000 people on the opposite shore of the Ariaka Sea. Scien-
tists studying Kilauea are concerned that a combination of
weathering, the weight of new lava, and undercutting by ero-
sion along the coast may cause breakoff of a large slab from the
island of Hawaii, which could likewise cause a tsunami; under-
water imaging has confirmed huge coastal slides in the past.

Secondary Effects: Climate and
Atmospheric Chemistry

A single volcanic eruption can have a global impact on cli-
mate, although the effect may be only brief. Intense explosive
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eruptions put large quantities of volcanic dust high into the
atmosphere. The dust can take several months or years to set-
tle, and in the interim, it partially blocks out incoming sun-
light, thus causing measurable cooling. After Krakatoa’s 1883
eruption, worldwide temperatures dropped nearly half a de-
gree Celsius, and the cooling effects persisted for almost ten
years. The larger 1815 eruption of Tambora in Indonesia
caused still more dramatic cooling: 1816 became known
around the world as the “year without a summer.” Scientists
have recently suggested a link between explosive eruption of
the Peruvian volcano Huaynaputina in 1600 and widespread
cooling in Europe and Asia, believed responsible for acute
crop failures and severe famine in Russia from 1601 through
1603. Such episodes support fears of a “nuclear winter” in the
event of a nuclear war because modern nuclear weapons are
powerful enough to cast many tons of fine dust into the air, as
well as to trigger widespread forest fires that would add ash to
the dust.

The meteorological impacts of volcanoes are not con-
fined to the effects of volcanic dust. The 1982 eruption of
the Mexican volcano El Chichén did not produce a particu-
larly large quantity of dust, but it did shoot volumes of un-
usually sulfur-rich gases into the atmosphere. These gases
produced clouds of sulfuric acid droplets (aerosols) that
spread around the earth. Not only do the acid droplets block
some sunlight, like dust, but in time, they also fall back to
earth as acid rain, the consequences of which are explored
in later chapters.

The 1991 eruptions of Mount Pinatubo in the
Philippines (figure 5.23) had long-lasting, global effects on
climate that were not only measurable by scientists but no-
ticeable to a great many other people around the world. In
addition to quantities of visible dust, Pinatubo pumped an
estimated 20 million tons of sulfur dioxide (SO,) into the
atmosphere. While ash falls out of the atmosphere relatively
quickly, the mist of sulfuric-acid aerosols formed from
stratospheric SO, stays airborne for several years. This acid-
mist cloud slowly encircled the earth, most concentrated
close to the equator near Pinatubo’s latitude (figure 5.24).
At its densest, the mist scattered up to 30% of incident sun-
light and decreased by 2 to 4% the amount of solar radiation
reaching earth’s surface to warm it. Average global temper-
atures decreased by about 0.5°C (1°F), but the decline was
not uniform; the greatest cooling was observed in the inter-
mediate latitudes of the Northern Hemisphere (where the
United States is located). Mount Pinatubo thus received the
credit—or the blame—for the unusually cool summer of
1992 in the United States. The gradual natural removal of
Pinatubo-generated ash and, later, SO, from the atmosphere
resulted in a rebound of temperatures in the lower atmo-
sphere by 1994 (figure 5.25).

Another, more subtle impact of this SO, on atmospheric
chemistry may present a different danger. The acid seems to
aggravate ozone depletion (see discussion of ozone and the
“ozone hole” in chapter 18), which means increased risk of skin
cancer to those exposed to strong sunlight.
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Figure 5.23

Ash and gas from Mount Pinatubo was shot into the stratosphere,
and had an impact on climate and atmospheric chemistry
worldwide. Eruption of 12 June 1991.

Photograph by K. Jackson, U.S. Air Force

Issues in Predicting
Volcanic Eruptions

Classification of Volcanoes by Activity

In terms of their activity, volcanoes are divided into three cat-
egories: active; dormant, or “sleeping”; and extinct, or “dead.”
A volcano is generally considered active if it has erupted
within recent history. When the volcano has not erupted re-
cently but is fresh-looking and not too eroded or worn down,
it is regarded as dormant: inactive for the present but with the
potential to become active again. Historically, a volcano that
has no recent eruptive history and appears very much eroded
has been considered extinct, or very unlikely to erupt again.

5/28 — 6/6/91 (before eruptions)

714 —7/10/91 (after circling the earth)

Figure 5.24

Satellites tracked the path of the airborne sulfuric-acid mist formed
by SO, from Mount Pinatubo; winds slowly spread it into a belt
encircling the earth (bright yellow in figure).

Image by G. J. Orme, Department of the Army, Ft. Bragg, NC.
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Figure 5.25

Effect of 1991 eruption of Pinatubo on near-surface (lower-
atmosphere) air temperatures. Removal of ash and dust from the
air was relatively rapid; sulfate aerosols persisted longer. The major
explosive eruption occurred in mid-June 1991.

Source: Data from National Geophysical Data Center

Unfortunately, precise rules for assigning a particular vol-
cano to one category or another do not exist. As volcanologists
learn more about the frequency with which volcanoes erupt, it
has become clear that volcanoes differ widely in their normal
patterns of activity. Statistically, a “typical” volcano erupts once
every 220 years, but 20% of all volcanoes erupt less than once
every 1000 years, and 2% erupt less than once in 10,000 years.
Long quiescence, then, is no guarantee of extinction. Just as
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knowledge of past eruptive style allows anticipation of the kinds
of hazards possible in future eruptions, so knowledge of the
eruptive history of any given volcano is critical to knowing how
likely future activity is, and on what scales of time and space.

The first step in predicting volcanic eruptions is moni-
toring, keeping an instrumental eye on the volcano. However,
there are not nearly enough personnel or instruments avail-
able to monitor every volcano all the time. There are an esti-
mated 300 to 500 active volcanoes in the world (the inexact
number arises from not knowing whether some are truly ac-
tive, or only dormant). Monitoring those alone would be a
large task. Commonly, intensive monitoring is undertaken
only after a volcano shows some signs of near-term activity
(see the discussion of volcanic precursors below). Dormant
volcanoes might become active at any time, so, in principle,
they also should be monitored; they can sometimes become
very active very quickly. Theoretically, extinct volcanoes can
be safely ignored, but that assumes that extinct volcanoes can
be distinguished from the long-dormant. Vesuvius had been
regarded as extinct until it destroyed Pompeii and Hercula-
neum in A.D. 79. Mount Pinatubo had been classed as dormant
prior to 1991—it had not erupted in more than 400 years—
then, within a matter of two months, it progressed from a few
steam emissions to a major explosive eruption. The detailed
eruptive history of many volcanoes is imperfectly known over
the longer term.

The Volcanic Explosivity Index

The Volcanic Explosivity Index (VEI) has been developed as
a way to characterize the relative sizes of explosive eruptions.
It takes into account the volume of pyroclastics produced, how
high into the atmosphere they rose, and the length of the erup-
tion. The VEI scale, like earthquake magnitude scales, is ex-
ponential, meaning that each unit increase on the VEI scale
represents about a tenfold increase in size/severity of erup-
tion. Also, not surprisingly, there are far more small eruptions
than large.

Several eruptions discussed in this chapter are plotted on
the VEI diagram in figure 5.26. Knowing the size of eruption of
which a given volcano is capable is helpful in anticipating future
hazards. At one time, it was thought that the VEI could also be
used to project the probable climatic impacts of volcanic erup-
tions. However, it seems that the volume of sulfur dioxide emit-
ted is a key factor in an eruption’s effect on climate, and that is
neither included in the determination of VEI nor directly related
to the size of the eruption as measured by VEL

Volcanic Eruption Precursors

What do scientists look for when monitoring a volcano? One
common advance warning of volcanic activity is seismic activ-
ity (earthquakes). The rising of a volume of magma and gas up
through the lithosphere beneath a volcano puts stress on the
rocks of the lithosphere, and the process may produce months
of small (and occasionally large) earthquakes. Increased
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The Volcanic Explosivity Index indicates relative sizes of explosive
eruptions.

After USGS Volcano Hazards Program.

seismicity at Pinatubo was a major factor prompting evacua-
tions. In fall 2004, when earthquakes at Mount St. Helens be-
came both more frequent and shallower (figure 5.27A),
volcanologists also took notice. Monitoring intensified; air-
craft were diverted around the mountain in case of ash erup-
tions. Some small ash emissions occurred intermittently
thereafter, but the eruptive phase mainly involved renewed
lava-dome building in the summit crater, the results of which
were shown in figure 5.12. Studies further indicated that this
was not new magma replenishing the crustal reservoir under
the volcano, but just more of the older magma rising into the
crater. And in late 2007, the seismicity and dome-building sub-
sided again.

Mount St. Helens is also one of the first places where
harmonic tremors were studied. These continuous, rhythmic
tremors (figure 5.27B) are very different in character from
earthquakes’ seismic waves, discussed in chapter 4. Their pre-
cise origin and significance are still being investigated, but they
are recognized as indicating a possible impending eruption, at
Mount St. Helens and elsewhere.

Bulging, tilt, or uplift of the volcano’s surface is also a
warning sign. It often indicates the presence of a rising magma
mass, the buildup of gas pressure, or both. On Kilauea,
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Figure 5.27

(A) Depths of earthquake foci below Mount St. Helens as a function
of time, 2002-2009. Size of circle represents size of quake; virtually
all were below magnitude 4. Green circles are events of the last
year; red, of the last month. (B) Harmonic-tremor signal.

(A) Data from Pacific Northwest Seismograph Network. (B) After U.S.
Geological Survey

eruptions are preceded by an inflating of the volcano as magma
rises up from the asthenosphere to fill the shallow magma
chamber. Unfortunately, it is not possible to specify exactly
when the swollen volcano will crack to release its contents.
That varies from eruption to eruption with the pressures and
stresses involved and the strength of the overlying rocks. This
limitation is not unique to Kilauea. Uplift, tilt, and seismic ac-
tivity may indicate that an eruption is approaching, but geolo-
gists do not yet have the ability to predict its exact timing.
However, their monitoring tools are becoming more sophisti-
cated. Historically, tilt was monitored via individual meters
placed at a limited number of points on the volcano. Now, sat-
ellite radar interferometry allows a richer look at the regional
picture (figure 5.28).

Other possible predictors of volcanic eruptions are be-
ing evaluated. Changes in the mix of gases coming out of a
volcano may give clues to impending eruptions; SO, content
of the escaping gas shows promise as a precursor, perhaps
because more SO, can escape as magma nears the surface.
Surveys of ground surface temperatures may reveal especially

warm areas where magma is particularly close to the surface
and about to break through. As with earthquakes, there have
been reports that volcanic eruptions have been sensed by ani-
mals, which have behaved strangely for some hours or days
before the event. Perhaps animals are sensitive to some
changes in the earth that scientists have not thought to
measure.

Certainly, much more work is needed before the exact
timing and nature of major volcanic eruptions can be antici-
pated consistently. The recognition of impending eruptions of
Mount St. Helens, Pinatubo, and Soufriere Hills was obvi-
ously successful in saving many lives through evacuations
and restrictions on access to the danger zones. Those danger
zones, in turn, were effectively identified by a combination of
mapping of debris from past eruptions and monitoring the
geometry of the current bulging. Mount Pinatubo displayed
increasing evidence of forthcoming activity for two months
before its major eruption of 15 June 1991—Ilocal earthquakes,
increasing in number, and becoming concentrated below a
bulge on the volcano’s summit a week before that eruption;
preliminary ash emissions; a sudden drop in gas output that
suggested a plugging of the volcanic “plumbing” that would
tend to increase internal gas pressure and explosive potential.
Those warnings, combined with aggressive and comprehen-
sive public warning procedures and, eventually, the evacua-
tion of over 80,000 people, greatly reduced the loss of life. In
1994, geoscientists monitoring Rabaul volcano in Papua New
Guinea took a magnitude-5 earthquake followed by increased
seismic activity generally as the signal to evacuate a town
of 30,000 people. The evacuation, rehearsed before, was
orderly—and hours later, a five-day explosive eruption
began. The town was covered by a meter or more of wet
volcanic ash, and a quarter of the buildings were destroyed,
but no one died.

These successes clearly demonstrate the potential for re-
duction in fatalities when precursory changes occur and local
citizens are educated to the dangers. On the other hand, the ex-
act moment of the 1980 Mount St. Helens explosion was not
known until seconds beforehand, and it is not currently possible
to tell whether or just when a pyroclastic flow might emerge
from a volcano like Soufriere Hills. Nor can volcanologists
readily predict the volume of lava or pyroclastics to expect from
an eruption or the length of the eruptive phase, although they
can anticipate the likelihood of an explosive eruption or other
eruption of a particular style based on tectonic setting and past
behavior.

Recently, scientists have discovered another possible link
between seismicity and volcanoes. In May 2006, amagnitude-6.4
earthquake occurred in Java, Indonesia. Several days later, the
active Javanese volcanoes Merapi and Semeru showed increased
output of heat and lava that persisted for over a week. It has
been suggested that the earthquake contributed to the rise of
additional magma into the volcanoes, enhancing their eruptions.
So, while no evidence has yet been found to indicate that an
earthquake can, by itself, trigger the start of a volcanic eruption,
earthquakes may influence eruptions in progress. Erupting
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“Interferogram” showing uplift, 1997-2001, in Three Sisters volcanic area. Uplift is attributed to magma emplacement several miles deep in
the crust. Each full color cycle represents close to 1" of uplift; total uplift shown is nearly 6" (14 cm). This method is now being applied at

Yellowstone and elsewhere.
Interferogram by C. Wicks, USGS Volcano Hazards Program

volcanoes should therefore be monitored especially carefully
following a strong earthquake nearby.

Response to Eruption Predictions

When data indicate an impending eruption that might
threaten populated areas, the safest course is evacuation until
the activity subsides. However, a given volcano may remain
more or less dangerous for a long time. An active phase,
consisting of a series of intermittent eruptions, may continue
for months or years. In these instances, either property must
be abandoned for prolonged periods, or inhabitants must be
prepared to move out, not once but many times. The Soufriere
Hills volcano on Montserrat began its latest eruptive phase
in July 1995. By the end of 2000, dozens of eruptive events—
ash venting, pyroclastic flows, ejection of rocks, building or
collapse of a dome in the summit—had occurred, and more
than half the island remained off-limits to inhabitants.
Given the uncertain nature of eruption prediction at present,
too, some precautionary evacuations will continue to be
shown, in retrospect, to have been unnecessary, or unneces-
sarily early.

Accurate prediction and assessment of the hazard is par-
ticularly difficult with volcanoes reawakening after a long
dormancy because historical records for comparison with
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current data are sketchy or nonexistent. Beside the Bay of
Naples is an old volcanic area known as the Phlegraean Fields.
In the early 1500s, the town of Tripergole rose up some 7 me-
ters as a chamber of gas and magma bulged below, and the
region was shaken by earthquakes. Then, suddenly, a vent
opened, and in three days, the town was buried under a new
140-meter-high cinder cone. For the next four centuries, the
only thermal activity had been steaming fumaroles and hot
springs. Butin 1970-1972 and again in 1982-1984, the nearby
town of Pozzuoli was uplifted nearly 3 meters. During the last
episode of bulging, it was shaken by over 4000 earthquakes in
a single year, leaving the town so badly damaged that many of
its 80,000 residents had to sleep in “tent cities” outside the
town for months. Business could be conducted in town by day,
but the town had to be evacuated at night. The threat and the
disruption in the people’s lives persisted for years. These
episodes are believed to be related to the presence of a shallow
magma chamber. Volcanologists are still unsure of what sort
of volcanic activity can be expected here, how large in scale,
or how soon.

And while some volcanoes, like Mount St. Helens or
Mount Pinatubo, may produce weeks or months of warning
signals as they emerge from dormancy to full-blown eruption,
allowing time for public education and reasoned response, not
all volcanoes’ awakenings may be so leisurely.



More on Volcanic Hazards
in the United States

Cascade Range

Mount St. Helens is only one of a set of volcanoes that threaten the
western United States and southwestern Canada. There is subduc-
tion beneath the Pacific Northwest, which is the underlying cause
of continuing volcanism there (figure 5.29). Several more of the
Cascade Range volcanoes have shown signs of reawakening.
Lassen Peak was last active between 1914 and 1921, not so very
long ago geologically. Its products are very similar to those of
Mount St. Helens; violent eruptions are possible. Mount Baker
(last eruption, 1870), Mount Hood (1865), and Mount Shasta (ac-
tive sometime within the last 200 years) have shown seismic activ-
ity, and steam is escaping from these and from Mount Rainier,
which last erupted in 1882. In fact, at least nine of the Cascade

Figure 5.29

peaks are presently showing thermal activity of some kind (steam
emission or hot springs). The eruption of Mount St. Helens has in
one sense been useful: It has focused attention on this threat. Sci-
entists are watching many of the Cascade Range volcanoes very
closely now. There is particular concern about possible mudflow
dangers from Mount Rainier (figure 5.30). This snow-capped
stratovolcano has generated voluminous lahars in the geologically
recent past; many towns are now potentially at risk.

The Aleutians

South-central Alaska and the Aleutian island chain sit above a
subduction zone. This makes the region vulnerable not only to
earthquakes, as noted in chapter 4, but also to volcanic eruptions
(figure 5.31). The volcanoes are typically andesitic with compos-
ite cones, and pyroclastic eruptions are common. There are more
than 50 active volcanoes, and another 90 that are geologically
young. Thirty of the volcanoes have erupted since 1900;

Years Ago

The Cascade Range volcanoes and their spatial relationship to the subduction zone and to major cities (plate-boundary symbols as in
figure 3.8). Tan shaded area is covered by young volcanic deposits (less than 2 million years old).

Eruptive histories from USGS Open-File Report 94-585.
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Over the last 5000 to 6000 years, huge mudflows have poured
down stream valleys and into low-lying areas, tens of miles from
Mount Rainier’s summit. Even Tacoma or Seattle might be
threatened by renewed activity on a similar scale.

Source: Data from T. W. Sisson, USGS Open-File Report 95-642

collectively, these volcanoes average one eruption a year. More-
over, though Alaska is a region of relatively low population den-
sity, these volcanoes present a significant special hazard.

Figure 5.31
The Alaska Volcano &' Ta 1::124 '53

Observatory faces a large Srpoion of olcano mrioring Kanaga, 1994 1~
monitoring challenge, with
51 active Alaskan/Aleutian

volcanoes.

Image by C. J. Nye, courtesy
Alaska Volcano Observatory.

116 SectionTwo Internal Processes

| Great Sitkin, 1974 - 7

Jet engines operate at temperatures close to the melting tem-
perature of andesitic ash. Jets flying through clouds of ash can thus
face a real possibility of engine failure. Since this was first realized
in the mid-1980s, a warning system has been put in place by the
National Oceanic and Atmospheric Administration. However,
much monitoring of the ash clouds is done by satellite, and ash and
ordinary clouds cannot always be distinguished in the images.
Volcanologists now coordinate with the National Weather Ser-
vice to issue forecast maps of airborne ash plumes based on
volcanic activity and wind velocity at different altitudes. This is
especially important as Anchorage is a key stopover on long-
distance flights in the region, and many transcontinental flights
follow great-circle routes over the area. It has been estimated
that 80,000 large aircraft a year, and 30,000 passengers a day,
pass through the skies above, or downwind of, these volcanoes.
Case Study 5.2 focuses on Redoubt, cause of the most frightening
of these airline incidents, and a great deal of additional damage.

Long Valley and Yellowstone Calderas

Finally, there are areas that do not now constitute an obvious haz-
ard but that are causing some geologists concern because of in-
creases in seismicity or thermal activity, and because of their past
histories. One of these is the Mammoth Lakes area of California.
In 1980, the area suddenly began experiencing earthquakes.
Within one forty-eight-hour period in May 1980, four earthquakes
of magnitude 6 rattled the region, interspersed with hundreds of
lesser shocks. Mammoth Lakes lies within the Long Valley
Caldera, a 13-kilometer-long oval depression formed during
violent pyroclastic eruptions 700,000 years ago. Smaller eruptions
occurred around the area as recently as 50,000 years ago.

Monitoring status of
actwe volcanoes in Alaska
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Case Study 5

Redoubt Volcano, Alaska

Redoubt’s location (figure 1) puts 60% of Alaska’s population, and its
major business centers, within reach of the volcano’s eruptions. Nearby
Augustine had erupted in 1986, so increasing seismicity at Redoubt in
late 1989 drew prompt attention, though it was not obvious just when
or how it might actually erupt. The first event, on 14 December, was an
explosive one, spewing ash and rock downwind. Within a day
thereafter, fresh glass shards, indicating fresh magma feeding the
eruption, appeared in the ash. Redoubt would shortly wreak its
costliest and perhaps most frightening havoc of this eruptive phase.
On 15 December, a KLM Boeing 747 flew into a cloud of ash from
Redoubt, and all four engines failed. The plane plunged over 13,000
feet before the pilot somehow managed to restart the engines. Despite
a windshield frosted and pitted by the abrasive ash (figure 2), he
managed to land the plane, and its 231 passengers, safely in
Anchorage. However, the aircraft had suffered $80 million in damage.
Soon thereafter, a lava dome began to build in Redoubt’s
summit crater. Near-surface seismicity was mostly replaced by deeper
events through the balance of December (figure 3). Then the regular
tremors that volcanologists had come to associate with impending
eruptions resumed on 29 December. Suspecting that the new lava
dome had plugged the vent and that pressure was therefore building
in the volcano, on 1-2 January 1990, the Alaska Volcano Observatory
issued warnings of “moderate to strong explosive activity” expected
shortly. The Cook Inlet Pipeline Company evacuated the Drift River

Double Glacierg
W ¢> E Redoubt 4
o

kilometers

Figure 1

Alaska’s population is concentrated around Cook Inlet; Redoubt,
Augustine, and Spurr have all erupted since 1990.

J. Schaeffer and C. Cameron, courtesy Alaska Volcano Observatory/Alaska
Division of Geologic and Geophysical Surveys.

Figure 2

Window from KLM jet shows the “frosting” from ash abrasion that
obscured the pilots’ view.

Photograph by C. Neal, Alaska Volcano Observatory, U.S. Geological Survey.

oil-tanker terminal. Strong explosions beginning on 2 January
demolished the young lava dome in the crater and sent pyroclastic
flows across Redoubt’s glaciers. Lahars swept down the Drift River
valley toward the terminal (figure 4). Larger blocks of hot rock crashed
nearer the summit (figure 5). After the remains of the dome were blown
away on 9 January, eruptions proceeded less violently, though ash and
pyroclastic flows continued intermittently, interspersed with dome-
building, for several more months (figure 6).

Altogether, this eruption was the second costliest volcanic
eruption in U.S. history, behind only the 1980 eruption of Mount
St. Helens. Between aircraft damage, disruption of oil drilling in Cook
Inlet and work at the pipeline terminal, and assorted damage due to
the multiple pyroclastic eruptions, total cost was over $100 million.
And as this is written, Redoubt has become “restless” again, showing
mildly elevated seismic activity that has earned it an aviation code
yellow, “advisory.” It is being monitored closely so that appropriate
warnings can be issued if its activity increases to a more threatening
level.

(Continued)
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December 1989

Figure 3

Seismicity at Redoubt, 13 December through 31 December 1989. (A) In
map view, seismic activity is strongly concentrated below the summit;
depth (B) is variable. (C) Depth of seismic events varies over time; mainly
shallow during the first explosions, then deeper, with shallow events
resuming in late December.

After USGS Circular 1061.

(Continued)
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Figure 5
USGS geologists study pyroclastic debris from Redoubt.
Photograph by K. Bull, Alaska Volcano Observatory, U.S. Geological Survey.

Figure 6

On 21 April 1990, ash rises from Redoubt. Note the classic stratovolcano
shape.

Photograph by R. Clucas, Alaska Volcano Observatory, U.S. Geological
Survey.

A caldera is an enlarged volcanic crater, which may be
formed either by an explosion enlarging an existing crater or by
collapse of a volcano after a magma chamber within has emp-
tied. The summit caldera of Mauna Loa (figure 5.8D) has
formed predominantly by collapse as the magma chamber has
become depleted, and enlarged as the rocks on the rim have
weathered and crumbled. The Deriba caldera, shown in the
chapter-opener photo, formed by a combination of collapse and
explosion (figure 5.32). In the case of a massive explosive erup-
tion such as the one that produced the Long Valley caldera, the

Figure 5.32

Formation of a caldera by collapse of rock over the partially
emptied magma chamber, with ejection of pyroclastics.

After C. Bacon, U.S. Geological Survey

original volcanic cone is obliterated altogether. The fear is that
any future eruptions may also be on a grand scale.

Geophysical studies have shown that a partly molten mass
of magma close to 4 kilometers across currently lies below the
Long Valley caldera. Furthermore, since 1975, the center of the
caldera has bulged upward more than 25 centimeters (10
inches); at least a portion of the magma appears to be rising in
the crust. In 1982, seismologists realized that the patterns of
earthquake activity in the caldera were disturbingly similar to
those associated with the eruptions of Mount St. Helens. In
May 1982, the director of the U.S. Geological Survey issued a
formal notice of potential volcanic hazard for the Mammoth
Lakes/Long Valley area. A swarm of earthquakes of magnitudes
up to 5.6 occurred there in January of 1983. In 1989, following
an earthquake swarm under Mammoth Mountain (just south-
west of the town of Mammoth Lakes), the tree-kill previously
described began. So far, there has been no eruption, but scien-
tists continue to monitor developments very closely. One of the
unknown factors is the magma type in question, and therefore
the probable eruptive style: Both basalts and rhyolites are found
among the young volcanics in the area. Meanwhile, the area has
provided a lesson in the need for care when issuing hazard
warnings. Media overreaction to, and public misunderstanding
of, the 1982 hazard notice created a residue of local hard feel-
ings, many residents believing that tourism and property values
had both been hurt, quite unnecessarily. It remains to be seen
what public reaction to a more-urgent warning of an imminent
threat here might be.

Long Valley is not the only such feature being watched
somewhat warily. As noted earlier, another area of uncertain
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future is Yellowstone National Park. Yellowstone, at present, is
notable for its geothermal features—geysers, hot springs, and
fumaroles (figure 5.33A). All of these features reflect the
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Figure 5.33

(A) Continuing thermal activity at Yellowstone National Park is
extensive, with many boiling-water pools, steaming springs, and
geysers. (B) The underlying cause is a hot spot. The track of North
America across the Yellowstone hot spot is traced by volcanics;
ages (circled) in millions of years.

(B) Data and base map from U.S. Geological Survey
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Figure 5.34

The size of the caldera (light pink area), continuing presence of
magma under the “resurgent domes” within it, and scale of past
eruptions causes concern about the future of the region. Green is
Yellowstone National Park.

Used with permission from Yellowstone Magmatic Evolution,
copyright © 1984 by the National Academy of Sciences. Courtesy of the
National Academy Press. Washington, D.C.

presence of hot rocks at shallow depths in the crust below the
park. Until recently, it was believed that the heat was just left
over from the last cycle of volcanic activity in the area, which
began 600,000 years ago. Recent studies, however, suggest that
in fact, considerable fluid magma remains beneath the park,
which is also still a seismically active area. Yellowstone is actu-
ally an intracontinental hot-spot volcano (figure 5.33B). One
reason for concern is the scale of past eruptions. The size of the
caldera itself (figure 5.34) suggests that the potential scale of
future eruptions is large, and this is confirmed by the volume of
pyroclastics ejected in three huge explosive eruptions over the
last 2 million years or so (figure 5.35). Eruptions of this scale,
with a VEI of 8, lead to the term “supervolcano,” which has
caught public attention.

Whether eruption on that scale is likely in the foreseeable
future, no one knows. Scientists continue to monitor uplift and
changes in seismic and thermal activity at Yellowstone. The re-
search goes on.
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Major explosive eruptions of Yellowstone caldera produced the Mesa Falls, Huckleberry Ridge, and Lava Creek ash falls. The Lava Creek event
was shown at VEI 8 in figure 5.26. Dashed black outline is Bishop ash fall from the Long Valley Caldera in eastern California.

After USGS Fact Sheet 2005-3024

Summary

Most volcanic activity is concentrated near plate boundaries.
Volcanoes differ in eruptive style and in the kinds of dangers they
present. Those along spreading ridges and at oceanic hot spots
tend to be more placid, usually erupting a fluid, basaltic lava.
Subduction-zone volcanoes are supplied by more-viscous,
silica-rich, gas-charged andesitic or rhyolitic magma, so, in addition
to lava, they may emit large quantities of pyroclastics and
pyroclastic flows, and they may also erupt explosively. The type of
volcanic structure built is directly related to the composition/
physical properties of the magma; the fluid basaltic lavas build

Key Terms and Concepts

shield volcanoes, while the more-felsic magmas build smaller,
steeper stratovolcanoes of lava and pyroclastics. At present,
volcanologists can detect the early signs that a volcano may erupt
in the near future (such as bulging, increased seismicity, or
increased thermal activity), but they cannot predict the exact
timing or type of eruption. Individual volcanoes, however, show
characteristic eruptive styles (as a function of magma type) and
patterns of activity. Therefore, knowledge of a volcano’s eruptive
history allows anticipation of the general nature of eruptions and
of the likelihood of renewed activity in the near future.

active volcano 111 composite volcano 98
andesite 95 dormant volcano 111
basalt 95 extinct volcano 111
caldera 119 fissure eruption 96
cinder cone 98 lahar 103

lava dome 98 shield volcano 97

phreatic eruption 110 stratovolcano 98

pyroclastic flow 104 Volcanic Explosivity Index 112
pyroclastics 98

rhyolite 95
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Exercises

Questions for Review

1.
2.

Define a fissure eruption, and give an example.

The Hawaiian Islands are all shield volcanoes. What are shield
volcanoes, and why are they not especially hazardous to life?

. The eruptive style of Mount St. Helens is quite different from

that of Kilauea in Hawaii. Why?

. What are pyroclastics? Identify a kind of volcanic structure

that pyroclastics may build.

. Describe two strategies for protecting an inhabited area from

an advancing lava flow.

. Describe a way in which a lahar may develop, and a way to

avoid its most likely path.

. What is a nuée ardente, and why is a volcano known for

producing these hot pyroclastic flows a special threat during
periods of activity?

. Explain the nature of a phreatic eruption, and give an example.

9. How may volcanic eruptions influence global climate?

1.
12.

14.

122

. Discuss the distinctions among active, dormant, and extinct

volcanoes, and comment on the limitations of this
classification scheme.

What is the Volcanic Explosivity Index?

Describe two precursor phenomena that may precede
volcanic eruptions.

. What is the underlying cause of present and potential future

volcanic activity in the Cascade Range of the western United
States?

What is the origin of volcanic activity at Yellowstone, and why
is it sometimes described as a “supervolcano”?

Section Two Internal Processes

Exploring Further

(For investigating volcanic activity, two excellent websites are

the U.S. Geological Survey’s Volcano Hazards Program site,
http://volcanoes.usgs.gov/, and the Global Volcanism program site,
http://www.volcano.si.edu/. The USGS site includes links to all of
the U.S. regional volcano observatories.)

1.

As this is written, Kilauea continues an active phase that has
lasted over two decades. Check out the current activity report
of the Hawaii Volcanoes Observatory.

. Go to the USGS site mentioned above. How many volcanoes

are currently featured as being watched? Which one(s) have
the highest Aviation Watch color codes, and why?

. The Global Volcanism Program site highlights active

volcanoes. How many volcanoes are currently on that list?
Choose a volcano from the list with which you are not familiar,
and investigate more closely: What type of volcano is it, and
what type of activity is currently in progress? What is its
tectonic setting, and how does that relate to its eruptive style?

. Before the explosion of Mount St. Helens in May 1980,

scientists made predictions about the probable extent of and
kinds of damage to be expected from a violent eruption.
Investigate those predictions, and compare them with the
actual effects of the blast.

. How near to you is the closest active volcano? The closest

dormant one? Are there any ancient lava flows or pyroclastic
deposits in your area, and if so, how old are the youngest of
these?


http://volcanoes.usgs.gov/
http://www.volcano.si.edu/

any areas are threatened, or at least affected, by the

hazards associated with the internal geologic pro-

cesses discussed in section Il. Every place on earth is

subject to one or more of the various kinds of surface processes to

be examined in this section. These are the geologic processes

with causes and effects at or near earth’s surface. They involve

principally the actions of water, ice, wind, and gravity. Local cli-

mate plays a major role in determining the relative importance

of these processes. This is one reason for interest in possible fu-
ture changes in global and local climate.

The earth’s surface is, geologically, a very active place. It is

here that we see the interplay of the internal heat of the earth

rface Processes

(which builds mountains and shifts the land), the external heat
from the sun (which drives the wind and provides the energy
behind the hydrologic cycle), and the inexorable force of gravity
(which constantly tries to pull everything down to the same
level).

Chapters 6-9 explore several kinds of surface processes:
stream-related processes, including flooding; coastal processes
of erosion and mass transport; mass movements, the downhill
march of material; and the effects of ice and wind in sculpturing
the land. Chapter 10 examines some relationships among these
various processes and climate, and considers possible long-term
climate trends and consequences. &

Multiple processes and climates are represented here where Sahara desert sand meets rock in eastern Algeria. Now-dry stream channels at
right were carved when the climate was cooler and wetter. In the modern hot, dry Saharan climate, winds sweep dry sediment into the dunes
at left. White patches are salts left behind when small pools of water that had accumulated among the dunes dried up.

Image courtesy of Earth Sciences and Image Analysis Laboratory, NASA Johnson Space Center.




Streams and Flooding

Water is the single most important agent sculpturing the
earth’s surface. Mountains may be raised by the action of

plate tectonics and volcanism, but they are shaped primarily by
water. Streams carve valleys, level plains, and move tremendous
amounts of sediment from place to place.

They have also long played a role in human affairs.
Throughout human history, streams have served as a vital source
of fresh water, and often of fish for food. Before there were air-
planes, trucks, or trains, there were boats to carry people and
goods over water. Before the widespread use of fossil fuels, flow-
ing water pushing paddlewheels powered mills and factories.
For these and other reasons, many towns sprang up and grew
along streams. This, in turn, has put people in the path of floods
when the streams overflow.

Floods are probably the most widely experienced cata-
strophic geologic hazards (figure 6.1). On the average, in the
United States alone, floods annually take 140 lives and cause
well over $6 billion in property damage. The 1993 flooding in the
Mississippi River basin took 48 lives and caused an estimated
$15-20 billion in damages.

Most floods do not make national headlines, but they may
be no less devastating to those affected by them. Some floods
are the result of unusual events, such as the collapse of a dam,
but the vast majority are a perfectly normal, and to some extent
predictable, part of the natural functioning of streams. Before
discussing flood hazards, therefore, we will examine how water
moves through the hydrologic cycle, and we will also look at the
basic characteristics and behavior of streams.

Flowing through its own sediments in this swampy stretch, the Amazon River shows smooth banks. The valley of the Uatuma River tributary is
rockier, so its banks are more irregular. The Uatuma is also partially dammed by sediment, backing water up into the valley. Arrow indicates

direction of the Amazon'’s flow.

Image courtesy of Earth Sciences and Image Analysis Laboratory, NASA Johnson Space Center.
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The Hydrologic Cycle

The hydrosphere includes all the water at and near the surface
of the earth. Most of it is believed to have been outgassed from
the earth’s interior early in its history, when the earth’s tempera-
ture was higher; icy planetesimals added late to the accreting
earth’s surface may have contributed some, too. Now, with only
occasional minor additions from volcanoes bringing up “new”
water from the mantle, and small amounts of water returned to
the mantle with subducted lithosphere, the quantity of water in
the hydrosphere remains essentially constant.

All of the water in the hydrosphere is caught up in the
hydrologic cycle, illustrated in figure 6.2. The largest single
reservoir in the hydrologic cycle, by far, consists of the world’s
oceans, which contain over 97% of the water in the hydro-
sphere; lakes and streams together contain only 0.016% of the
water. The main processes of the hydrologic cycle involve evap-
oration into and precipitation out of the atmosphere. Precipita-
tion onto land can reevaporate (directly from the ground surface
or indirectly through plants by evapotranspiration), infiltrate
into the ground, or run off over the ground surface. Surface
runoff may occur in streams or by unchanneled overland flow.
Water that percolates into the ground may also flow (see
chapter 11) and commonly returns, in time, to the oceans. The
oceans are the principal source of evaporated water because of
their vast areas of exposed water surface.

The total amount of water moving through the hydrologic
cycle is large, more than 100 million billion gallons per year. A
portion of this water is temporarily diverted for human use, but
it ultimately makes its way back into the natural global water
cycle by a variety of routes, including release of municipal sew-
age, evaporation from irrigated fields, or discharge of industrial
wastewater into streams. Water in the hydrosphere may spend
extended periods of time—even hundreds of thousands of

Figure 6.1

Presidential disaster declarations related to flooding, by county,
from 1 June 1965 through 1 June 2003: green, one; yellow, two;
orange, three; red, four or more. Some flood disasters are related to
coastal storms, but many are due to stream flooding.

Source: U.S. Geological Survey

years—in storage in one or another of the water reservoirs shown
in figure 6.2—a glacier, an ocean, ground water—but from the
longer perspective of geologic history, it is still regarded as mov-
ing continually through the hydrologic cycle. In the process, it
may participate in other geologic cycles and processes: for ex-
ample, streams eroding rock and moving sediment, and subsur-
face waters dissolving rock and transporting dissolved chemicals,
are also contributing to the rock cycle. We revisit the hydrologic
cycle in the context of water resources in chapter 11.

Streams and Their Features

Streams—General

A stream is any body of flowing water confined within a chan-
nel, regardless of size, although people tend, informally, to use
the term river for a relatively large stream. It flows downbhill
through local topographic lows, carrying away water over the
earth’s surface. The region from which a stream draws water is
its drainage basin (figure 6.3), or watershed. A divide sepa-
rates drainage basins. The size of a stream at any point is related
in part to the size (area) of the drainage basin upstream from
that point, which determines how much water from falling snow
or rain can be collected into the stream. Stream size is also in-
fluenced by several other factors, including climate (amount of
precipitation and evaporation), vegetation or lack of it, and the
underlying geology, all of which are discussed in more detail
later in the chapter. That is, a stream carves its channel (in the
absence of human intervention), and the channel carved is
broadly proportional to the volume of water that must typically
be accommodated. Long-term, sustained changes in precipita-
tion, land use, or other factors that change the volume of water
customarily flowing in the stream will be reflected in corre-
sponding changes in channel geometry.
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Principal processes and reservoirs of the hydrologic cycle (reservoirs in capital letters). Straight lines show movement of liquid water; wavy
lines show water vapor. (Limited space prevents showing all processes everywhere they occur.)

The size of a stream may be described by its discharge,
the volume of water flowing past a given point (or, more pre-
cisely, through a given cross section) in a specified length of
time. Discharge is the product of channel cross section (area)
times average stream velocity (figure 6.4). Historically, the con-
ventional unit used to express discharge is cubic feet per sec-
ond; the analogous metric unit is cubic meters per second.
Discharge may range from less than one cubic foot per second
on a small creek to millions of cubic feet per second in a major
river. For a given stream, discharge will vary with season and
weather, and may be influenced by human activities as well.

Sediment Transport

Water is a powerful agent for transporting material. Streams
can move material in several ways. Heavier debris may be
rolled, dragged, or pushed along the bottom of the stream bed

126 Section Three Surface Processes

as its traction load. Material of intermediate size may be car-
ried in short hops along the stream bed by a process called
saltation (figure 6.5). All this material is collectively described
as the bed load of the stream. The suspended load consists of
material that is light or fine enough to be moved along sus-
pended in the stream, supported by the flowing water. Sus-
pended sediment clouds a stream and gives the water a muddy
appearance. Finally, some substances may be completely dis-
solved in the water, to make up the stream’s dissolved load.
The total quantity of material that a stream transports by
all these methods is called, simply, its load. Stream capacity
is a measure of the total load of material a stream can move.
Capacity is closely related to discharge: the faster the water
flows, and the more water is present, the more material can be
moved. How much of a load is actually transported also de-
pends on the availability of sediments or soluble material: a
stream flowing over solid bedrock will not be able to dislodge



| Drainage basin

much material, while a similar stream flowing through sand or
soil may move considerable material. Vegetation can also in-
fluence sediment transport, by preventing the sediment from
reaching the stream at all, or by blocking its movement within
the stream channel.

Velocity, Gradient, and Base Level

Stream velocity is related partly to discharge and partly to the
steepness (pitch or angle) of the slope down which the stream
flows. The steepness of the stream channel is called its gradient.
It is calculated as the difference in elevation between two points
along a stream, divided by the horizontal distance between them
along the stream channel (the water’s flow path). All else being
equal, the higher the gradient, the steeper the channel

Divide between tributaries

Surface runoff
flows downslope

Figure 6.3

Streams and their drainage basins. (A) A topographic high creates
a divide between the drainage basins of adjacent streams.

(B) Portion of the drainage basin of the Madre de Dios River in
the southwestern Amazon. Fine grey-brown lines mark divides
between watersheds of the smaller tributary streams.

(B) Image by Jesse Allen, courtesy NASA

(by definition), and the faster the stream flows. Gradient
and velocity commonly vary along the length of a stream (fig-
ure 6.6). Nearer its source, where the first perceptible trickle of
water signals the stream’s existence, the gradient is usually steeper,
and it tends to decrease downstream. Velocity may or may not
decrease correspondingly: The effect of decreasing gradient may
be counteracted by other factors, including increased water vol-
ume as additional tributaries enter the stream, which adds to the
mass of water being pulled downstream by gravity. Velocity is
also influenced by friction between water and stream bed, and
changes in the channel’s width and depth. Overall, discharge does
tend to increase downstream, at least in moist climates, primarily
because of water added by tributaries along the way.

By the time the stream reaches its end, or mouth, which is
usually where it flows into another body of water, the gradient
is typically quite low. Near its mouth, the stream is approaching
its base level, which is the lowest elevation to which the stream
can erode downward. For most streams, base level is the water
(surface) level of the body of water into which they flow. For
streams flowing into the ocean, for instance, base level is sea
level. The closer a stream is to its base level, the lower the
stream’s gradient. As noted above, it may flow more slowly in
consequence, although the slowing effect of decreased gradient
may be compensated by an increase in discharge due to widen-
ing of the channel and a corresponding increase in channel cross
section. The downward pull of gravity not only pulls water
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Discharge (flow past this point)
Q =(25sg. m) x (6 m/sec)
=125 cu. m/sec

Average stream
(flow) velocity
V=5m/sec

125 cu. m
flow past
in 1 sec

Figure 6.4

Discharge (Q) equals channel cross section (area) times average
velocity: Q = A X V. In a real stream, both channel shape and flow
velocity vary, so reported discharge is necessarily an average. In any
cross section, velocity near the center of the channel will be greater
than along bottom and sides of the channel.

down the channel, but also causes a stream to cut down verti-
cally toward its base level. Counteracting this erosion is the in-
flux of fresh sediment into the stream from the drainage basin.
Over time, natural streams tend toward a balance, or equilib-
rium, between erosion and deposition of sediments. The longi-

Figure 6.6

Water flow

Figure 6.5
Schematic of saltation, one process of sediment transport. Particles

move in short jumps, jarred loose by water or other particles and
briefly carried in the stream flow.

tudinal profile of such a stream (a sketch of the stream’s
elevation from source to mouth) assumes a characteristic con-
cave-upward shape, as shown in figure 6.6.

Velocity and Sediment Sorting
and Deposition

Variations in a stream’s velocity along its length are reflected
in the sizes of sediments deposited at different points. The
more rapidly a stream flows, the larger and denser are the par-
ticles that can be moved. The sediments found motionless in a
stream bed at any point are those too big or heavy for that
stream to move at that point. Where the stream flows most
quickly, it carries gravel and even boulders along with the finer
sediments. As the stream slows down, it starts leaving behind
the heaviest, largest particles—the boulders and gravel—and
continues to move the lighter, finer materials along. If stream
velocity continues to decrease, successively smaller particles

Typical longitudinal profile of a stream in a temperate climate. Note that the gradient decreases from source to mouth. Particle sizes may
decrease with breakup downstream. Total discharge, capacity, and velocity may all increase downstream despite the decrease in gradient
(though commonly, velocity decreases with decreasing gradient). Conversely, in a dry climate, water loss by evaporation and infiltration into

the ground may decrease discharge downstream.
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are dropped: the sand-sized particles next, then the clay-sized
ones. In a very slowly flowing stream, only the finest sediments
and dissolved materials are still being carried. The relationship
between the velocity of water flow and the size of particles
moved accounts for one characteristic of stream-deposited
sediments: They are commonly well sorted by size or density,
with materials deposited at a given point tending to be similar
in size or weight. If velocity decreases along the length of the

stream profile, then so will the coarseness of sediments depos-
ited, as also shown in figure 6.6.

If a stream flows into a body of standing water, like a lake
or ocean, the stream’s flow velocity drops to zero, and all the
remaining suspended sediment is dropped. If the stream is still
carrying a substantial load as it reaches its mouth, and it then
flows into still waters, a large, fan-shaped pile of sediment, a
delta, may be built up (figure 6.7A,B). A similarly shaped

Marshy delta surface

Lake

B

Figure 6.7

(A) A river like the Mississippi builds a delta by depositing its sediment load when it flows into a still lake or ocean; the stream may split up
into many small channels as it flows across the delta to open water. (B) The Mississippi River delta (satellite photo). The river carries a million
tons of sediment each day. Here, the suspended sediment shows as a milky, clouded area in the Gulf of Mexico. The sediment deposition
gradually built Louisiana outward into the gulf. Now, upstream dams have cut off sediment influx, and the delta is eroding in many places.
(C) Satellite view of alluvial fan beside the Zagros Mountains in southern Iran. This fan is built on a dry lake bed. The gently sloping land at the
fan's base is rich farmland, and the stream brings seasonal rain and snowmelt down from the mountains.

(B) Photo courtesy NASA; (C) image by Jesse Allen, courtesy NASA
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feature, an alluvial fan, is formed when a tributary stream flows
into a more slowly flowing, larger stream, or a stream flows
from mountains into a plain (figure 6.7C).

An additional factor controlling the particle size of
stream sediments is physical breakup and/or dissolution of
the sediments during transport. That is, the farther the sedi-
ments travel, the longer they are subjected to collision and
dissolution, and the finer they tend to become. Stream-
transported sediments may thus tend, overall, to become finer
downstream, whether or not the stream’s velocity changes
along its length.

Channel and Floodplain Evolution

When a stream is flowing rapidly and its gradient is steep,
downcutting is rapid. The result is typically a steep-sided
valley, V-shaped in cross section, and relatively straight (fig-
ure 6.8). But streams do not ordinarily flow in straight lines

Figure 6.8
Classic V-shaped valley carved by a rapidly downcutting stream.
Grand Canyon of the Yellowstone River.
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for very long. Small irregularities in the channel cause local
fluctuations in velocity, which result in a little erosion where
the water flows strongly against the side of the channel and
some deposition of sediment where it slows down a bit.
Bends, or meanders, thus begin to form in the stream. Once
a meander forms, it tends to enlarge and also to shift down-
stream. It is eroded on the outside and downstream side of
the meander, the cut bank, where the water flows somewhat
faster (and the channel, too, tends to be a little deeper there
as a result); point bars, consisting of sediment deposited on
the insides of meanders, build out the banks in those parts of
the channel (figure 6.9). The rates of lateral movement of
meanders can range up to tens or even hundreds of meters per
year, although rates below 10 meters/year (35 feet/year) are
more common on smaller streams.

Obstacles or irregularities in the channel may slow
flow enough to cause localized sediment deposition there. If
the sediment load of the stream is large, these channel is-
lands can build up until they reach the surface, effectively
dividing the channel in a process called braiding. If the sedi-
ment load is very large in relation to water volume, the
braided stream may develop a complex pattern of many
channels that divide and rejoin, shifting across a broad ex-
panse of sediment (figure 6.10).

Figure 6.9

Development of meanders. Channel erosion is greatest at the
outside and on the downstream side of curves, at the cut bank;
deposition of point bars occurs in sheltered areas on the

inside of curves. In time, meanders migrate both laterally and
downstream and can enlarge as well, as shown here. See also

figure 6.11.



Figure 6.10

Braided streams have many channels dividing and rejoining.
Brahmaputra River, Tibet.

Image courtesy of Earth Science and Image Analysis Laboratory, NASA
Johnson Space Center

Over a period of time, the combined effects of erosion on
the cut banks and deposition of point bars on the inside banks of
meanders, downstream meander migration, and sediment depo-
sition when the stream overflows its banks together produce a
broad, fairly flat expanse of land covered with sediment around
the stream channel proper. This is the stream’s floodplain, the
area into which the stream spills over during floods. The flood-
plain, then, is a normal product of stream evolution over time
(see figure 6.11 and figure 6.12A).

Meanders do not broaden or enlarge indefinitely. Very
large meanders represent major detours for the flowing stream.
At times of higher discharge, especially during floods, the
stream may make a shortcut, or cut off a meander, abandoning
the old, twisted channel for a more direct downstream route.
The cutoff meanders are called oxbows. These abandoned chan-
nels may be left dry, or they may be filled with standing water,
making oxbow lakes. See figure 6.12C.

Flooding

The vast majority of stream floods are linked to precipitation
(rain or snow). When rain falls or snow melts, some of the water
sinks into the ground (infiltration). Below ground, percolation
moves it through soil and rock. Some of the water left on the
surface evaporates directly back into the atmosphere. The rest
of the water becomes surface runoff, flowing downhill over the
surface under the influence of gravity into a puddle, lake, ocean,
or stream. Recall figure 6.2.

As noted previously, the size of an unmodified stream
channel is directly related to the quantity of water that it usually
carries. That is, the volume of the channel is approximately suf-
ficient to accommodate the average maximum discharge reached

Figure 6.11

Meandering and sediment deposition during floods contribute to
development of a floodplain. (A) Small bends enlarge and migrate over
time. (B) Broad, flat floodplain is developed around stream channel by
meandering coupled with sediment deposition during flooding.

each year. Much of the year, the surface of the water is well
below the level of the stream banks. In times of higher dis-
charge, the stream may overflow its banks, or flood. This may
happen, to a limited extent, as frequently as every two to three
years with streams in humid regions. More-severe floods occur
correspondingly less often.

Factors Governing Flood Severity

Many factors together determine whether a flood will occur.
The quantity of water involved and the rate at which it enters the
stream system are the major factors. When the water input ex-
ceeds the capacity of the stream to carry that water away down-
stream within its channel, the water overflows the banks.
Worldwide, the most intense rainfall events occur in Southeast
Asia, where storms have drenched the region with up to 200 centi-
meters (80 inches) of rain in less than three days. (To put such
numbers in perspective, that amount of rain is more than double
the average annual rainfall for the United States!) In the United
States, several regions are especially prone to heavy rainfall
events: the southern states, vulnerable to storms from the Gulf
of Mexico; the western coastal states, subject to prolonged
storms from the Pacific Ocean; and the midcontinent states,
where hot, moist air from the Gulf of Mexico can collide with
cold air sweeping down from Canada. Streams that drain the
Rocky Mountains are likely to flood during snowmelt, especially
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when rapid spring thawing follows a winter of unusually
heavy snow. The record flooding in the Pacific Northwest in
January 2009 resulted from a particularly unfortunate combi-
nation of events: unusually heavy snow accumulations early in
the winter, followed by thawing and persistent rains that both
added yet more water and accelerated the melting of the snow.
The rate of surface runoff is influenced by the extent of
infiltration, which, in turn, is controlled by the soil type and
how much soil is exposed. Soils, and rocks, vary in porosity and
permeability, properties that are explored further in chapter 11.
A very porous and permeable soil allows a great deal of water
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Figure 6.12

(A) Floodplain of the Missouri River near Glasgow, Missouri is
bounded by steep bluffs. (B) During the 1993 flooding, the
floodplain lived up to its name. The channel is barely visible,
outlined by vegetation growing on levees along the banks.

(C) Meandering of the lower Mississippi River has produced many
oxbows. Note point bars on the inside banks of several meanders.
(A) and (B) Images by Scientific Assessment and Stra