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Preface

Why We Wrote This Book
In teaching large introductory environmental and physical 
geology courses for many years—and, more recently, natu-
ral hazards courses—it has become clear to us that topics 
involving natural hazards are among the most interesting for 
students. Thus, we realize that employing this thematic focus 
can stimulate students to learn basic scientific concepts, to 
understand how science relates to their everyday lives, and 
to see how such knowledge can be used to help mitigate 
both physical and financial harm. For all of these reasons, 
natural hazards and disasters courses appear to achieve 
higher enrollments, have more interested students, and be 
more interesting and engaging than those taught in a tradi-
tional environmental or physical geology framework.

A common trend is to emphasize the hazards portions 
of physical and environmental geology texts while spend-
ing less time on subjects that do not engage the students. 
Students who previously had little interest in science can 
be awakened with a new curiosity about Earth and the pro-
cesses that dramatically alter it. Science majors experience 
a heightened interest, with expanded and clarified under-
standing of natural processes. In response to years of student 
feedback and discussions with colleagues, we reshaped our 
courses to focus on natural hazards.

Students who take a natural hazards course greatly 
improve their knowledge of the dynamic Earth processes 
that will affect them throughout their lives. They should be 
able to make educated choices about where to live and 
work, how to better recognize natural hazards, and to deal 
with those around them. Perhaps some who take this course 
will become government officials or policy makers who can 
change some of the current culture that contributes to major 
losses from natural disasters.

Undergraduate college students, including nonscience 
majors, should find the writing clear and stimulating. Our 
emphasis is to provide them a basis for understanding 
important hazard-related processes and concepts. This book 
encourages students to grasp the fundamentals while still 
appreciating that most issues have complexities that are 
beyond the current state of scientific knowledge and involve 
societal aspects beyond the realm of science. Students not 

majoring in the geosciences may find motivation to  continue 
studies in related areas and to share these experiences with 
others.

Natural hazards and disasters can be fascinating and 
even exciting for those who study them. Just don’t be on the 
receiving end!

Living with Nature
Natural hazards, and the disasters that accompany many 
of them, are an ongoing societal problem. We continue to 
put ourselves in harm’s way, through ignorance or a naïve 
belief that a looming hazard may affect others but not us. We 
choose to live in locations that are inherently unsafe.

The expectation that we can control nature through tech-
nological change stands in contrast to the fact that natural 
processes will ultimately prevail. We can choose to live with 
nature or we can try to fight it. Unfortunately, people who 
choose to live in hazardous locations tend to blame either 
“nature on the rampage” or others for permitting them to 
live there. People do not often make such poor choices will-
fully, but rather through their lack of awareness and under-
standing of natural processes. Even when they are aware of 
an extraordinary event that has affected someone else, they 
somehow believe “it won’t happen to me.” These themes are 
revisited throughout the book, as we relate principles to soci-
etal behavior and attitudes.

People often decide on their residence or business loca-
tion based on a desire to live and work in scenic environ-
ments without understanding the hazards around them. 
Once they realize the risks, they often compound the haz-
ards by attempting to modify the environment. Students who 
read this book should be able to avoid such errors. Toward 
the end of the course, our students sometimes ask, “So where 
is a safe place to live?” We often reply that you can choose 
hazards that you are willing to deal with and live in a specific 
site or building that you know will minimize impact of that 
hazard.

It is our hope that by the time students have finished read-
ing this textbook, they should have the basic knowledge to 
critically evaluate the risks they take and the decisions they 
make as voters, homeowners, and world citizens. 

The further you are from the last disaster, 
the closer you are to the next.
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Extensive illustrations and Case in Point examples bring 
reality to the discussion of principles and processes. These 
cases tie the process-based discussions to individual cases 
and integrate relationships between them. They emphasize 
the natural processes and human factors that affect disas-
ter outcomes. Illustrative cases are placed at the chapter 
end to not interrupt continuity of the discussion. Coverage 
of natural hazards is balanced with excellent examples  
across North America and the rest of the world. As our 
global examples illustrate, although the same fundamental 
processes lead to natural hazards everywhere, the impact 
of natural disasters can be profoundly different depend-
ing on factors such as economic conditions, security, and 
disaster preparedness.

End-of-chapter material also includes Critical View photos 
with paired questions, a list of Key Points, Key Terms, Ques-
tions for Review, and Critical Thinking Questions.

New to the Fifth Edition
With such a fast-changing and evolving subject as natural haz-
ards, we have extensively revised and added to the content, 
with emphasis not only on recent events but also on those that 
best illustrate important issues. We have endeavored to keep 
material as up-to-date as possible, both with new Cases in 
Point and in changes in governmental policy that affect peo-
ple and their hazardous environments. New to this edition is a 
Survival Guide feature that highlights risk, preparedness, and 
safety information related to relevant hazards. To make space 
for new Cases in Point, some older cases have been moved 
online, where they can be accessed in the CourseMate avail-
able at  cengagebrain.com.

In recognition of the rapid advances in understanding 
of climate change and its increasing importance, we now 
present this important topic in two separate chapters. That 
material is thoroughly reorganized, rewritten, and revised, 
with numerous new graphs and photos. Graphs have been 
updated with the most recent available information.

In addition to these overall changes, some significant 
additions to individual chapters include the following:

 ■ Chapters 3 and 4, Earthquakes, include new coverage 
of the giant 2015 Nepal earthquake that killed more than 
8600 people, destroyed most of the capital, Kathmandu 
and surrounding cities, and flattened most of its priceless 
ancient temples. We have added new insights on earth-
quakes associated with fracking, the latest way to drill for 
oil and gas. The moderate-size but destructive 2014 earth-
quake near Napa, California’s iconic wine-growing area 
provides another wake-up call for this region. 

 ■ Chapters 6 and 7, Volcanoes, include an update on 
Hawaii’s lava flows, which continued into 2015. 

 ■ Chapter 8, Landslides, features a new Case in Point on 
the tragic Oso landslide in western Washington, which 
occurred in a known hazard area that permitted build-
ing of a new subdivision. 

Our Approach
This text begins with an overview of the dynamic environ-
ment in which we live and the variability of natural pro-
cesses, emphasizing the fact that most daily events are 
small and generally inconsequential. Larger events are less 
frequent, though most people understand that they can hap-
pen. Fortunately, giant events are infrequent; regrettably, 
most people are not even aware that such events can hap-
pen. Our focus here is on Earth and atmospheric hazards 
that appear rapidly, often without significant warning.

The main natural hazards covered in the book are earth-
quakes and volcanic eruptions; extremes of weather, includ-
ing hurricanes; and floods, landslides, tsunami, wildfires, 
and asteroid impacts. For each, we examine the nature and 
processes that drive the hazard, the dangers associated with 
it, the methods of forecasting or predicting such events, 
and approaches to their mitigation. Throughout the book, 
we emphasize interrelationships between hazards, such as 
the fact that building dams on rivers often leads to greater 
coastal erosion. Similarly, wildfires generally make slopes 
more susceptible to floods, landslides, and mudflows. 

The book includes chapters on dangers generated within 
the Earth, including earthquakes, tsunami, and volcanic 
eruptions. Society has little control over the occurrence of 
such events but can mitigate their impacts through a deeper 
understanding that can afford more enlightened choices. 
The landslides section addresses hazards influenced by 
a combination of in-ground factors, human actions, and 
weather, a topic that forms the basis for many of the follow-
ing chapters. A chapter on sinkholes, subsidence, and swell-
ing soils addresses other destructive in-ground hazards that 
we can, to some extent, mitigate and that are often subtle yet 
highly destructive.

The following hazard topics depend on an understand-
ing of the dynamic variations in weather, thunderstorms 
and tornadoes, so we begin with a chapter to provide that 
background. The next two chapters on climate change 
address the overarching atmospheric changes imposed 
by increasing carbon dioxide and other greenhouse gases 
that affect weather and many hazards described in the fol-
lowing chapters. Chapters on streams and floods begin with 
the characteristics and behavior of streams and how human 
interaction affects both a stream and the people around it. 
Chapters follow on wave and beach processes, hurricanes 
and nor’easters, and wildfires. The final chapter addresses 
asteroid impacts on Earth.

The book is up-to-date and clearly organized, with most 
of its content derived from current scientific literature and 
from our own personal experience. It is packed with relevant 
content on natural hazards, the processes that control them, 
and the means of avoiding catastrophes. Numerous excel-
lent and informative color photographs, many of them our 
own, illustrate scientific concepts associated with natural 
hazards. Diagrams and graphs are clear, straightforward, and 
instructive.
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 ■ Chapter 10, Weather, Thunderstorms, and Torna-
does, has been significantly updated and revised. We 
have added coverage of the polar vortex, a process that 
is now better understood and more relevant to the pub-
lic after millions of people in the northeastern United 
States lived through the bitterly cold winter of 2014. A 
new Case in Point focuses on the 2013 EF5 tornado that 
struck Moore, Oklahoma (the fourth in 14 years), killing 
many people who had no tornado shelters, in spite of 
federal support to partially pay for them. Another new 
Case is devoted to the severe California drought. 

 ■ Chapters 11 and 12, Climate Change, breaks the 
existing climate change coverage into two updated and 
expanded chapters. Chapter 11 focuses on processes 
related to climate change, whereas Chapter 12 focuses 
on the impacts of climate change and mitigation strat-
egies. Coverage has been significantly expanded to 
encompass new data and illustrations from the 5th Inter-
governmental Panel on Climate Change (IPCC). 

 ■ Chapters 13 and 14, Streams and Floods, features a 
new Case in Point about the disastrous 2013 flash floods 
in the Rocky Mountain foothills near Denver that pro-
vided a reminder of the Big Thompson canyon event 
almost 40 years before. 

 ■ Chapter 16, Hurricanes and Nor’easters, includes 
coverage of Hurricane Sandy in late 2012, which was a 
major wake-up call for those who view a “weak” hurri-
cane as a minor inconvenience. 

 ■ Chapter 17, Wildfires, includes new Cases in Point 
about two large fires near Colorado Springs and the 
tragic Yarnell Hill fire in Arizona that killed 14 profes-
sional firefighters. 

 ■ Chapter 18, Asteroid and Comet Impacts, includes 
a new Case on the 2013 Chelyabinsk meteor in Russia, 
which was a frightening near miss that nearly became a 
catastrophe.

Ancillaries 
Instructor Resources

Cengage Learning Testing Powered by Cognero 
The Test Bank is offered through Cengage Learning Testing 
Powered by Cognero and contains multiple-choice, true/
false, matching, and discussion exercises. Cengage Learning 
Testing is a flexible, online system that allows you to author, 
edit, and manage test bank content, create multiple test ver-
sions, and deliver tests from your LMS, your classroom, or 
wherever you want.  

Instructor Companion Site
On the Instructor Companion Site you can access Microsoft 
PowerPoint™ lecture presentations, the Instructor’s Manual, 

images, videos, animations, and more, all updated for the 
5th edition.

Student Resources
Earth Science CourseMate with eBook 
ISBN: 9781305866560
Make the most of your study time by accessing everything 
you need to succeed in one place. Read your text, take 
notes, review flash cards, watch videos, take practice quiz-
zes, and more, all online with CourseMate.

Virtual Field Trips in Geology, Hazards Edition 
ISBN: 9781111668891 
The Virtual Field Trips in Geology, by Dr. Parvinder S. Sethi 
from Radford University, are concept-based modules that 
teach students geology by using famous locations through-
out the United States. The Hazards Edition includes geologic 
hazard concepts, including Mass Wasting, Earthquakes and 
Seismicity, Volcano Types, Desert Environments, and Run-
ning Water. Designed to be used as homework assignments 
or lab work, the modules use a rich array of multimedia to 
demonstrate concepts. High-definition videos, images, pan-
oramas, quizzes, and Google Earth layers work together in 
Virtual Field Trips in Geology to bring concepts to life.

Virtual Field Trips in Geology: Complete Set of 15 
ISBN: 9780495560692 
The Virtual Field Trips in Geology, by Dr. Parvinder S. Sethi 
from Radford University, are concept-based activities that 
teach you geology by using famous locations throughout the 
United States. Designed to be used as homework assignments 
or lab work, the field trips use a rich array of multimedia to 
demonstrate concepts. High-definition videos, images, pan-
oramas, quizzes, and Google Earth layers work together in 
Virtual Field Trips in Geology to bring concepts to life. Topics 
include: Desert Environments, Geologic Time, Hydrothermal 
Activity, Running Water, Sedimentary Rocks, Earthquakes & 
Seismicity, Glaciers & Glaciation, Igneous Rocks, Mass Wast-
ing, Volcano Types, Plate  Tectonics, Mineral Resources, 
Metamorphism & Metamorphic Rocks, Groundwater, and 
Shorelines & Shoreline Processes.

Global Geoscience Watch 
ISBN: 9781111429058 
Updated several times a day, the Global Geoscience Watch 
is an ideal one-stop site for current events and  research 
projects for all things geoscience! Broken into the four key 
course areas (Geography, Geology, Meteorology, and Ocean-
ography), you can easily find the most relevant information 
for the course you are taking. You will have access to the 
latest information from trusted academic journals, news out-
lets, and magazines. You also will receive access to statistics, 
primary sources, case studies, podcasts, and much more!
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Carolina University; Dr. Vladmir Romanovsky, University 
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Dr. Steve Running,  Numerical Terradynamic Simulation 
Group, University of Montana; Todd Shipman, Arizona 
Geological Survey; Dr. Duncan Sibley, Michigan State 
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1

1Natural Hazards  
and Disasters
Living in Harm’s Way

W
hy would people choose to put their lives and property at risk? Large numbers 

of people around the world live and work in notoriously dangerous places—

near volcanoes, in floodplains, or on active fault lines. Some are ignorant 

of potential disasters, but others even rebuild homes destroyed in previous 

 disasters. Sometimes the reasons are cultural or economic. Because volcanic ash degrades 

into richly productive soil, the areas around volcanoes make good farmland. Large floodplains 

attract people because they provide good agricultural soil, inexpensive land, and natural 

transportation corridors. Some people live in a hazardous area because of their job. For under-

standable reasons, such people live in the wrong places. Hopefully they recognize the hazards 

and understand the processes involved so they can minimize their risk.

But people also crowd into dangerous areas for frivolous reasons. They build homes at  

the bases or tops of large cliffs for scenic views, not realizing that big sections can give way 
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■ During Hurricane Sandy the 
east end of the Mantoloking 
Bridge, at left, was submerged, 
and houses on the barrier 
island battered. Some like the 
one in the lower left floated off 
their foundations.   

Those who cannot 
remember the past 
are condemned to 

repeat it.
 —George Santayana  

(Spanish philosopher), 1905
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2 CHAPTER 1

 Catastrophes in Nature
Geologic processes, like erosion, have produced large effects 
over the course of Earth’s vast history, carving out valleys 
or changing the shape of coastlines. While some processes 
operate slowly and gradually, infrequent catastrophic events 
have sudden and major impacts.

Although streams may experience a few days or weeks 
of flooding each year, major floods occurring once every 
few decades do far more damage than all of the intervening 
floods put together. Soil moves slowly downslope by creep, 
but occasionally a huge part of a slope may slide. Pebbles 
roll down a rocky slope daily, but every once and a while 
a giant boulder comes crashing down ( FIGURE 1-1). Moun-
tains grow higher, sometimes slowly, but more commonly by 

sudden movements. During an earthquake, a mountain can 
abruptly rise several meters above an  adjacent valley.

Some natural events involve disruption of a temporary 
equilibrium, or balance, between opposing influences. 
Unstable slopes, for example, may hang precariously for 
thousands of years, held there by friction along a slip sur-
face until some small perturbation, such as water soaking 
in from a large rainstorm, sets them loose. Similarly, the 
opposite sides of a fault may stick until slowly building 
stress finally tears them loose, triggering an earthquake. 
A bulge may form on a volcano as molten magma slowly 
rises into it, then it collapses as the volcano erupts. The 
behavior of these natural systems is somewhat analogous 
to a piece of plastic wrap that can stretch up to a point, 
until it  suddenly tears.

hazardous areas knowingly—they generally don’t understand or 

recognize the hazards. However, they might as well choose to 

park their cars on a rarely used  railroad track. Trains don’t come 

frequently, but the next one might come any minute. 

Catastrophic natural hazards are much harder to avoid than 

passing freight trains; we may not recognize the signs of immi-

nent catastrophes because these events are infrequent. So many 

decades or centuries may pass between eruptions of a large vol-

cano that most people forget it is active. Many people live so 

long on a valley floor without seeing a big flood that they forget 

it is a floodplain. The great disaster of a century ago is long for-

gotten, so folks move into the path of a calamity that may not 

arrive today or tomorrow, but it is just a matter of time.

in landslides or rockfalls. They build beside picturesque streams 

without realizing they have put themselves in a flood zone. Far 

too many people build houses in the woods because they enjoy 

the seclusion and scenery of this natural setting without under-

standing their risk from wildfires. Others choose to live along 

edges of sea bluffs where they can enjoy ocean views, or on 

the beach to experience the ocean more intimately. But in these 

locations they also expose themselves to coastal storms. In 

October 2012, the devastating effects of Hurricane Sandy, only 

a Category 1 storm, reminded many people of the hazards of 

living on the Atlantic coast.

Some natural catastrophe experts say these people have cho-

sen to live in “idiot zones.” But people don’t usually reside in 

March 30, 2007 December 12, 2013

FIGURE 1-1 The Unexpected

On December 12, 2013, a huge mass of sandstone separated from a prominent cliff above homes along Highway 9 in the community of Rockville, 
Utah, instantly killing the two home owners. This hazardous area of homes was highlighted in a Utah Geological Survey report in 2013. The same 
home was pictured as in a dangerous location in the previous edition of this textbook printed in late 2012, one year before the disaster. 
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 Natural Hazards and Disasters  3

caused few fatalities and remarkably little property dam-
age simply because the area surrounding the mountain is 
sparsely populated. On the other hand, a similar eruption of 
Vesuvius, in the heavily populated outskirts of Naples, Italy, 
could kill hundreds of thousands of people and cause prop-
erty damage beyond reckoning.

You might assume that more fatalities occur as a result of 
dramatic events, such as large earthquakes, volcanic erup-
tions, hurricanes, or tornadoes. However, some of the most 
dramatic natural hazards occur infrequently or in restricted 
areas, so they cause fewer deaths than more common and 
less dramatic hazards such as floods or droughts. FIGURE 1-3 
shows the approximate  proportions of fatalities caused by 
typical natural hazards in the United States. 

In the United States, heat and drought together account 
for the largest numbers of deaths. In fact, there were more 
U.S. deaths from heat waves between 1997 and 2008 than 
from any other type of natural hazard. In addition to heat 
stress, summer heat wave fatalities can result from dehydra-
tion and other factors; the very young, the very old, and the 
poor are affected the most. The same populations are vul-
nerable during winter weather, the third most deadly hazard 
in the United States. Winter deaths often involve hypother-
mia, but some surveys include, for example, auto accidents 
caused by icy roads.

Flooding is the second most deadly hazard in the United 
States, accounting for 16 percent of fatalities between 
1986 and 2008. Fatalities from flooding can result from 

People watching Earth processes move at their normal 
and unexciting pace rarely pause to imagine what might hap-
pen if that slow pace were suddenly punctuated by a major 
event. The fisherman enjoying a quiet afternoon trout fishing 
in a small stream can hardly imagine how a 100-year flood 
might transform the scene. Someone gazing at a serene, 
snow-covered mountain can hardly imagine it erupting in an 
explosive blast of hot ash followed by destructive mudflows 
racing down its flanks. Large or even gigantic events are a 
part of nature. Such abrupt events produce large  results that 
can be disastrous if they affect people.

Human Impact of Natural Disasters
When a natural process poses a threat to human life or prop-
erty, we call it a natural hazard. Many geologic processes 
are potentially hazardous. For example, streams flood as part 
of their natural process and become a hazard to those liv-
ing nearby. A hazard is a natural disaster when the event 
causes significant damage to life or property. A moderate 
flood that spills over a floodplain every few years does not 
often wreak havoc, but when a major flood strikes, it may 
lead to a disaster that kills or displaces many people. When 
a natural event kills or injures large numbers of people or 
causes extensive property damage, it is called a catastrophe.

The potential impact of a natural disaster is related not 
only to the size of the event but also to its effect on the pub-
lic. A natural event in a thinly populated area can hardly 
pose a major hazard. For example, the magnitude 7.6 earth-
quake that struck the southwest corner of New  Zealand on 
July 15, 2009, was severe but posed little threat because it 
happened in a region with few people or buildings. In con-
trast, the much smaller January 12, 2010, magnitude 7.0 
earthquake in Haiti killed more than 46,000 ( FIGURE 1-2). 
In another example, the eruption of Mt. St. Helens in 1980 

FIGURE 1-2 A Disaster Takes a High Toll

Searchers dig for survivors of the Haiti earthquake of January 12, 
2010, which killed more than 316,000, mostly in concrete and 
cinder block buildings with little or no reinforcing steel. 

H
o 

ne
w

/U
N

 P
ho

to
 L

og
an

 A
ba

ss
i/

H
an

do
ut

/R
eu

te
rs

 

FIGURE 1-3 Hazard-Related Deaths

Approximate percentages of U.S. fatalities due to different groups 
of natural hazards from 1986 to 2008, when such data are readily 
available. For hazardous events that are rare or highly variable 
from year to year (earthquakes and tsunami, volcanic eruptions, 
and hurricanes), a 69-year record from 1940 to 2008 was used.
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developing country, and New Zealand, a prosperous, devel-
oped country. In Haiti, between 46,000 and 316,000 people 
were killed (U.S. government versus Haitian government 
estimates), mostly in the collapse of poorly built masonry 
buildings. Total damages were estimated to be about  
U.S. $7.8 billion. In contrast, only 185 people died in the  
New Zealand earthquake, which also occurred near a popu-
lous area. New Zealand’s buildings were generally well con-
structed. Despite this, damages were still estimated to be 
about U.S. $6.5 billion.

The average annual cost of natural hazards has increased 
dramatically over the last several decades  (FIGURE 1-4). 
This is due in part to the increase in world  population, 
which  doubled in the 40 years between 1959 and 1999. By 
July 2015, it reached 7.3 billion. It is also a function of the 
increased value of properties at risk and to human migration 
to more hazardous areas. Overall losses have increased even 
faster than population growth. Population increases in urban 
and coastal settings result in more people crowding into 
land that is subject to major natural events. In effect, people 
place themselves in the path of unusual, sometimes cata-
strophic events. Economic centers of society are increasingly 
concentrated in larger urban areas that tend to expand into 
regions previously considered undesirable, including those 
with greater exposure to natural hazards.

The reality of climate change adds an additional dimen-
sion to these problems; it is one of the greatest challenges fac-
ing the human race. Scientists agree that global temperatures 
are rising. As world population grows and large numbers of 
people become more affluent and use larger amounts of 
resources, greenhouse gas emissions increase dramatically. 

 hurricane-driven floods; some surveys place them in the hur-
ricane category rather than floods.

The number of deaths from a given hazard can vary sig-
nificantly from year to year due to rare, major events. For 
example, there were about 1800 hurricane-related deaths in 
2005 when Hurricane Katrina struck, compared with zero in 
other years. The rate of fatalities can also change over time 
as a result of safety measures or trends in leisure activities. 
Lightning deaths were once among the most common haz-
ard-related causes of death, but associated casualties have 
declined  significantly over the past 50 years, due in part to 
satellite radar and better weather forecasting. In contrast, 
avalanche deaths have increased significantly over a similar 
period, a change that seems to be associated with increased 
snowmobile use and skiing in mountain terrains.

Some natural hazards can cause serious physical damage 
to land or man-made structures, some are deadly for people, 
and others are destructive to both. The type of damage sus-
tained as a result of a natural disaster also depends on the 
economic development of the area where it occurs. In devel-
oping countries, there are increasing numbers of deaths from 
natural disasters, whereas in developed countries, there are 
typically greater economic losses. This is because develop-
ing countries show dramatic increases in populations rele-
gated to marginal and hazardous land on steep slopes and 
near rivers. Such populations also live in poorly constructed 
buildings and have less ability to evacuate as hazards loom; 
many lack transportation and financial ability to survive 
away from their homes.

For an example of this phenomenon, in 2010, earth-
quakes of similar sizes (magnitude 7.0) struck Haiti, a poor, 

1976: Tangshan, China earthquake
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2010: Chile, New Zealand earthquakes
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FIGURE 1-4 Increasing Costs of Natural Hazards

The cost of natural hazards is increasing worldwide. The 2011 earthquake and tsunami in Japan alone 
caused losses of about $235 billion.
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 Natural Hazards and Disasters  5

may have involved luck more than science. Use of the same 
techniques in similar circumstances has resulted in false 
alarms and failure to correctly predict disasters.

Many people have sought to find predictable cycles 
in natural events. Those that occur at predictable inter-
vals are called cyclic events.  However, most recur-
rent events are not really cyclic; too many variables 
control their behavior. Even with cyclic events, overlap-
ping cycles make resultant extremes noncyclic, which 
affects the predictability of a specific event. So far as  
anyone can tell, most episodes, large and small, occur at 
seemingly random and essentially unpredictable intervals.

Although scientists cannot predict exactly when an event 
will occur, based on past experience they can often forecast 
the chance that a hazardous event will occur in a region within 
a few decades. For example, they can forecast that there will 
be a large earthquake in the San Francisco Bay region over the 
next several decades, or that Mt. Shasta will likely erupt some-
time in the next few centuries. In many cases, their advice can 
greatly reduce the danger to lives and property. 

Ask a stockbroker where the market is going, and you will 
probably hear that it will continue to do what it has done 
during recent weeks. Ask a scientist to forecast an event, and 
he or she will probably look to the geologically recent past 
and forecast more of the same; in other words, the past is 

the key to the future. Most forecasts are based on linear pro-
jections of past experience. However, we must be careful to 
look at a long enough sample of the past to see prospects 
for the future. Many people lose money in the stock market 
because short-term past experience is not always a good indi-
cator of what will happen in the future.

Similarly, statistical forecasts are simply a refinement of 
past recorded experiences. They are typically expressed as 
recurrence intervals that relate to the probability that a 
natural event of a particular size, or magnitude, will happen 
within a certain period of time, or with a certain f requency. 
For example, the history of movement along a fault may indi-
cate that it is likely to produce an earthquake of a certain 
size once every hundred years on average.

A recurrence interval is not, however, a fixed schedule for 
events. Recurrence intervals can tell us that a 50-year flood 
is likely to happen sometime in the next several decades 
but not that such floods occur at intervals of 50 years. Many 
people do not realize the inherent danger of an unusual 
occurrence, or they believe that they will not be affected 
in their lifetimes because such events occur infrequently. 
That inference often incorrectly assumes that the probabil-
ity of another severe event is lower for a considerable length 
of time after a major event. In fact, even if a 50-year flood 
occurred last year, that does not indicate that there will not 
be another one this year or for the next ten years.

To understand why this is the case, take a minute to 
review probabilities. Flip a coin, and the chance that it will 
come up heads is 50%. Flip it again, and the chance is again 
50%. If it comes up heads five times in a row, the next flip still 
has a 50% chance of coming up heads. So it goes with floods 

Our generation of greenhouse gases seems likely to cause 
population collapse in some parts of the world, especially in 
poor areas most affected by natural hazards. People’s living 
conditions will be severely disrupted. Millions will die from 
increased incidence of storms and coastal flooding, heat 
stroke, dehydration, famine, disease, and wars over water, 
food, heating fuel, and other resources. 

Climate change is expected to lead to more rapid erosion 
of coastlines, along with more extreme weather events that 
cause landslides, floods, hurricanes, and wildfires. Some 
small islands in the Indian Ocean, far from the 2004 Suma-
tra earthquake’s epicenter, were completely overwashed by 
tsunami waves. As sea level continues to rise, such low-lying 
islands will gradually submerge, even without a catastrophic 
event. Extensive low-lying coastal regions of major river 
deltas in Southeast Asia feed and are homes to millions of 
poor people. Deltas of the Ganges and Brahmaputra Rivers  
in Bangladesh, the Irrawaddy River in Myanmar, and the 
Mekong River in Vietnam and Cambodia are subject to 2-m 
ocean tides more than 200 km upstream (FIGURE 1-5). Major 
storms can submerge most of the deltas, including all of their 
rice fields and homes, under more than 2 m of water, with 
storm waves on top of that. Sea-level rise with climate change 
is expected to worsen those effects, killing thousands in 
major typhoons. The number of hurricanes has not increased 
significantly, but since 1990 the annual number of the most 
intense storms—Categories 4 and 5—nearly doubled to 18 
worldwide in 2005 although the future trend remains unclear. 
Hurricane development and intensity depend on energy pro-
vided by higher sea-surface temperatures. 

 Predicting Catastrophe
A catastrophic natural event is unstoppable, so the best way to 
avoid it would be to predict its occurrence and get out of the 
way. Unfortunately, there have been few well- documented 
cases of accurate prediction, and even the ones on record 

FIGURE 1-5 Homes at Risk

Homes along channels in the Mekong River delta in southern 
Vietnam are almost in the water under normal circumstances. They 
would be washed away in the next major cyclone.
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6 CHAPTER 1

extrapolated to values larger than those in the historical 
record. Whether the extrapolation produces a reliable result 
is  another question.

The probability of the occurrence of an event is related 
to the magnitude of the event. We see huge numbers of 
small events, many fewer large events, and only a rare giant 
event (By the Numbers 1-1: Relationship between Frequency 
and Magnitude). The infrequent occurrence of giant events 
means it is hard to study them, but it is often rewarding to 
study small events because they may well be smaller-scale 
models of their uncommon larger counterparts that may 
occur in the future.

Many geologic features look the same regardless of their 
size, a quality that makes them fractal. A broadly general-
ized map of the United States might show the Mississippi 
River with no tributaries smaller than the Ohio and Missouri 
Rivers. A more detailed map shows many smaller tributaries. 
An even more detailed map shows still more. The number of 
tributaries depends on the scale of the map, but the general 
branching pattern looks similar across a wide range of scales 
(FIGURE 1-7). Patterns apparent on a small scale quite com-
monly resemble patterns that exist on much larger scales that 
cannot be easily perceived. This means that small events may 
provide insight into huge ones that occurred in the distant 
past but are larger than any seen in historical time; we may 
find evidence of these big events if we search. The geologic 
record provides evidence for massive natural catastrophes in 
the Earth’s distant past, such as the impact of a large asteroid 
that caused the extinction of the dinosaurs. We need to be 
aware of the potential for such extreme events in the future.

and many other kinds of apparently random natural events. 
The chance that someone’s favorite fishing stream will stage 
a 50-year flood this year and every year is 1 in 50, regardless 
of what it may have done during the last few years.

As an example of the limitations of recurrence intervals, 
consider the case of Tokyo. This enormous city is subject to 
devastating earthquakes that for more than 500 years came 
at intervals of close to 70 years. The last major earthquake 
ravaged Tokyo in 1923, so everyone involved awaited 
1993 with considerable apprehension. The risk steadily 
increased during those years as the strain across the fault 
zone grew, as did the size of the population at risk. More 
than 20 years later, no large earthquake has occurred. Obvi-
ously, the recurrence interval does not predict events at 
equal intervals, in spite of the 500-year Japanese historical 
record. Nonetheless, the knowledge that scientists have of 
the pattern of occurrences here helps them assess risk and 
prepare for the eventual earthquake. Experts forecast that 
there is a 70% chance that a major quake will strike that 
region in the next 30 years.

To estimate the recurrence interval of a particular kind 
of natural event, we typically plot a graph of each event 
size versus the time interval between sequential individual 
events. Such plots often make curved lines that cannot be 
reliably extrapolated to larger events that might lurk in the 
future (FIGURE 1-6). Plotting the same data on a logarith-
mic scale often leads to a straight-line graph that can be 

FIGURE 1-6 Recurrence Interval

If major events are plotted on a linear scale (top graph, vertical 
axis), the results often fall along a curve that cannot be 
extrapolated to larger possible future events. If the same events 
are plotted on a logarithmic scale (bottom graph), the results 
often fall along a straight line that can use historical data to 
forecast what to expect in future events.
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FIGURE 1-7 Fractal Systems

The general pattern of a branching stream looks similar regardless 
of scale —from a less-detailed map on the left to the most 
detailed map on the right.

By the Numbers 1-1

Relationship between Frequency and Magnitude

M ∝ 1/f

Magnitude (M) of an event is inversely proportional to  frequency (f) of 

the type of event.
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 Natural Hazards and Disasters  7

other side of the fault. Might then the fault break more eas-
ily and the next movement on the fault come sooner? Simi-
lar complex relationships arise with many other types of  
destructive natural events.

Some processes result in still more rapid changes—a 
feedback effect. For example, global warming causes more 
rapid melting of Arctic sea ice. The resulting darker sea water 
absorbs more of the Sun’s energy than the white ice, which 
in turn causes even more sea ice melting. Similarly, global 
warming causes faster melting of the Greenland and Antarc-
tic ice sheets. More meltwater pours through fractures to the 
base of the ice, where it lubricates movement, accelerating 
the flow of ice toward the ocean. This leads to more rapid 
crumbling of the toes of glaciers to form icebergs that melt 
in the ocean.

In other cases, an increase in one factor may actually lead 
to a decrease in a related result. Often as costs of a product 
or service go up, usage goes down. With increased costs of 
hydrocarbon fuels, people conserve more and thus burn 
less. A rapid increase in the price of gasoline in 2008 led 
people to drive less and to trade in large SUVs and trucks for 
smaller cars. In some places, commuter train, bus, and bicy-
cle use increased dramatically. With the rising cost of elec-
tricity, people are switching to compact fluorescent bulbs 
and using less air conditioning. These changes had a notice-
able effect on greenhouse gas emissions and their effect on 
climate change (discussed in Chapter 12).

Sometimes major natural events are preceded by a series 
of smaller precursor events, which may warn of the impend-
ing disaster. Geologists studying the stirrings of Mt. St. Helens, 
Washington, before its catastrophic eruption in 1980 moni-
tored swarms of earthquakes and decided that most of these 
recorded the movements of rising magma as it squeezed 
upward, expanding the volcano. Precursor events alert scien-
tists to the potential for larger events, but events that appear to 
be precursors are not always followed by a major event.

The relationships among events are not always clear. 
For example, an earthquake occurred at the instant  
Mt. St. Helens exploded, and the expanding bulge over the  
rising magma collapsed in a huge landslide. Neither the 
landslide nor the earthquake caused the formation of molten 
magma, but did they trigger the final eruption? If so, which 
one triggered the other—the earthquake, the landslide, or 
the eruption? One or more of these possibilities could be 
true in different cases.

Events can also overlap to amplify an effect. Most natu-
ral disasters happen when a number of unrelated variables 
overlap in such a way that they reinforce each other to 
amplify an effect. If the high water of a hurricane storm surge 
happens to arrive at the coast during the daily high tide, the 
two reinforce each other to produce a much higher storm 
surge (FIGURE 1-9). If this occurs on a section of coast that 
happens to have a large population, then the situation can 
become a major disaster. Such a coincidence caused the 
catastrophic hurricane that killed 8000 people in Galveston, 
Texas, in 1900.

It is impossible in our current state of knowledge to pre-
dict most natural events, even if we understand in a general 
way what controls them. The problem of avoiding natural 
disasters is like the problem drivers face in avoiding colli-
sions with trains. They can do nothing to prevent trains, so 
they must look and listen. We have no way of knowing how 
firm the natural restraints on a landslide, fault, or volcano 
may be. We also do not generally know what changes are 
occurring at depth. But we can be confident that the land-
slide or fault will eventually move or that the volcano will 
erupt. And we can reasonably understand what those events 
will involve when they finally happen.

 Relationships among Events
Although randomness is a factor in forecasting disasters, 
most natural events do not occur as randomly as tosses of 
a coin. Some events are directly related to  others—formed 
as a direct consequence of another event (FIGURE 1-8). 
For example, the slow movement of Earth’s huge outer lay-
ers colliding or sliding past one another clearly explains the 
driving forces behind volcanic eruptions and earthquakes. 
Heavy or prolonged rainfall can cause a flood or a landslide. 
But are some events unrelated? Could any of the arrows in 
Figure 1-8 be reversed?

Past events can also create a contingency that influences 
future events. It is certainly true, for example, that sudden 
movement on a fault causes an earthquake. But the same 
movement also changes the stress on other parts of the fault 
and probably on other faults in the region, so the next earth-
quake will likely differ considerably from the last. What if, 
after an earthquake movement on a fault, one side of the 
fault is now across from a very slippery area of rock on the 

FIGURE 1-8 Interactions among Natural Hazards

Some natural disasters are directly related to others. The bolder 
arrows in this flowchart indicate stronger influences. Can you 
come up with words to describe these influences?

Earthquakes Weather/Climate

Hurricanes

Volcanic eruptions

Tsunamis

Floods

Landslides

Plate tectonics/Mountain building
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8 CHAPTER 1

perhaps even saturated with inhabitants. Many people want 
to live as close as they can to a coast or a river and resent 
being told that they cannot; they oppose attempts at land-
use restrictions because they feel it infringes on their prop-
erty rights. Almost any attempt to regulate land use in the 
public interest is likely to ignite intense political and  legal 
opposition.

Developers, companies, and even governments often aggra-
vate hazards by allowing—or even  encouraging—people  
to move into hazardous areas. Many developers and pri-
vate individuals view restrictive zoning as an  infringement 
on their rights to do as they wish with their land. Develop-
ers, real estate agents, and some companies are reluctant 
to admit the existence of hazards that may affect a prop-
erty for fear of lessening its value and scaring off potential 
clients (FIGURE 1-10). Most local governments consider 
news of hazards bad for growth and business. They shun 
restrictive zoning or minimize possible dangers for fear  
of inhibiting improvements in their tax base. As in other 
venues, different groups have different objectives. Some are 
most concerned with economics, others with safety, still oth-
ers with the environment.

Should landowners be permitted to do whatever they 
wish with their property? Property rights advocates often 
say yes. If a governmental entity permits building on land 
within its jurisdiction, should the taxpayers in the district 
shoulder the responsibility if there is a disaster? Should the 
government inform a buyer that a property is in a hazardous 
location and what the hazards are? Should a landowner be 
prevented from developing a piece of property that might 
be subjected to a disaster? If so, has the government effec-
tively taken the landowner’s anticipated value without com-
pensation, a taking characterized in the courts as reverse 
condemnation?

 Mitigating Hazards
Because natural disasters are not easily predicted, it 
falls to governments and individuals to assess their risk 
and prepare for and mitigate the effects of disasters. 
M itigation refers to efforts to prepare for a disaster and 
reduce its damage. Mitigation can include engineering 
projects such as  levees, as well as government policies 
and public education efforts. “Soft” solutions for hazard-
ous areas include zoning to prevent building in certain 
regions and strict building codes, which minimize dam-
age and are much less expensive in the long run. “Hard” 
alternatives, including levees on rivers and riprap along 
coasts, are expensive, often short-term, and create other 
problems. Throughout this book, we examine mitigation 
strategies related to specific disasters.

Land-Use Planning
One way to reduce losses from natural disasters is to find 
out where disasters are likely to occur and restrict develop-
ment there, using land-use planning. Ideally, we would 
prevent development along major active faults by reserving 
that land for parks and natural areas. We should also limit 
housing and industrial development on floodplains to mini-
mize flood damage and along the coast to reduce hurricane 
and coastal erosion losses. Limiting building near active vol-
canoes and the river valleys that drain them can curtail the 
hazards associated with eruptions.

It is hard, however, to impose land-use restrictions in 
many areas because such imposition tends to come too 
late. Many hazardous areas are already heavily populated, 

FIGURE 1-10 Risky Development

Some developers seem unconcerned with the hazards that 
may affect the property they sell. High spring runoff floods this 
proposed development site in Missoula, Montana.
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FIGURE 1-9 Amplification of Overlapping Effects

If events overlap, their effects can amplify one another. In this 
example, a storm surge (black line) can be especially high if it 
coincides with high tide (red line). The blue line shows the much 
higher tide that resulted when the tide overlapped with the storm 
surge.
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 Natural Hazards and Disasters  9

they cannot afford. Insurance companies use a formula for 
risk to establish premium rates for policies. Risk is essen-
tially a hazard considered in the light of its recurrence inter-
val and expected costs (By the Numbers 1-2: Assessing Risk). 
The greater the hazard and the shorter its recurrence inter-
val, the greater the risk.

In most cases, a company can estimate the cost of a haz-
ard event to a useful degree of accuracy, but they can only 
guess at its recurrence interval, and therefore the level of risk. 
The history of experience with a given natural hazard in any 
area of North America is typically less than 200 years. Large 
events recur, on average, only every few decades or few hun-
dred years or even more rarely. In some cases, most notably 
floods, the hazard and its recurrence interval are both firmly 
enough established to support a rational estimate of risk. But 
the amount of risk and the potential cost to a company can 
be so large that a catastrophic event would put the company 
out of business.

The uncertainties of estimating risk make it impossible 
for private insurance companies to offer affordable poli-
cies that protect against many kinds of natural disasters. 
As a result, insurance is generally available for events that 
present relatively little risk, mainly those with more or less 
dependably long recurrence intervals. In high-risk areas for 
a particular hazard, for example Florida or Louisiana for 
hurricanes and sinkholes, insurance companies may either 
charge very high insurance premiums to cover their risks 
or refuse to cover damages from such hazards. In those 
states, nonprofit state programs have been formed to pro-
vide insurance that is not otherwise available. In California, 
where the risks and expected costs of earthquake damages 
are very high, insurance companies are required by law to 
provide earthquake coverage. As a result, companies now 
make insurance available through the California Earth-
quake Authority, a consortium of companies, in order to 
spread out their risks.

Insurance for some natural hazards is simply not avail-
able. Landslides, most mudflows, and ground settling or 
swelling are too risky for companies, and each potential haz-
ard area would have to be individually studied by a scien-
tist or engineer who specialized in such a hazard. The large 
number of variables makes the risk too difficult to quantify; 
it is too expensive to estimate the different risks for the rela-
tively small areas involved.

What about personal responsibility? As adults we like 
to think that we are responsible for our actions. That 
assumes, of course, that we know what we are doing and 
understand the consequences of our actions. If we build 
in the forest, surrounded by brush and trees, who should 
be responsible for fighting a forest fire (FIGURE 1-11)? 
Who should pay if we suffer loss? If we decide to build our 
home close to a stream, do we really understand enough 
about the natural behavior of streams to safely and respon-
sibly do that? If the government were to restrict us from 
building on our own property, would they be infringing 
on our rights? If a future major flood wipes out our invest-
ment or causes severe damage to a downstream neighbor 
who sues us because of our construction, then what? Are 
we then likely to blame the government for permitting us 
to build there in the first place? If we demand personal 
rights, we need to be responsible for the consequences of 
our actions.

If you buy a property you later decide is at risk of a haz-
ard, what responsibility do you have to a potential buyer? 
In many aspects of society, property sellers are held respon-
sible if they are aware of some aspect of a property that is 
dangerous or damaged. Home owners commonly blame—
and often sue—others for damages to property they have 
purchased. However, perhaps they should have remem-
bered the old adage, “Buyer beware.” 

Insurance
Some mitigation strategies are designed to help with recov-
ery once a disaster occurs. Insurance is one way to lessen 
the financial impact of disasters after the fact. People buy 
property insurance to shield themselves from major losses 

By the Numbers 1-2

Assessing Risk

Insurance costs are actuarial: They are based on past experience. For 

insurance, a “hazard” is a condition that increases the severity or fre-

quency of a loss.

Risk is proportional to [probability of occurrence] × [cost of the  probable 

loss from the event].

FIGURE 1-11 Who Should Pay? 

Remains of a home surrounded by brush and trees that was 
destroyed by the Bastrop fire in Texas, 2011.
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10 CHAPTER 1

provide funds for victims of earthquakes, floods, hurri-
canes, and other hazards. It remains reactive to disasters, 
as it should be, but it is only beginning to be proactive in 
eliminating the causes of future disasters. Congress contin-
ues to fund multimillion-dollar Army Corps of Engineers 
projects to build levees along rivers and replenish sand on 
beaches. The Small Business Administration disaster loan 
program continues to subsidize credit to finance rebuild-
ing in hazardous locations. The federal tax code also sub-
sidizes building in both safe and hazardous sites. Real 
estate developers benefit from tax deductions, and owner-
ship costs, such as mortgage interest and property taxes, 
can be deducted from income. A part of uninsured “casu-
alty losses” can still be deducted from a disaster victim’s 
income taxes. Such policies do not discourage future dam-
ages from natural hazards.

The Role of Public Education
Much is now known about natural hazards and the nega-
tive impacts they have on people and their property. It 
would seem obvious that any logical person would avoid 
such potential damages or at least modify their behavior 
or their property to minimize such effects. However, most 
people are not knowledgeable about potential hazards, 
and human nature is not always rational.

Unfortunately, a person who has not been adversely  
affected in a serious way is much less likely to take specific 
steps to reduce the consequences of a potential hazard. 
Migration of the population toward the Gulf and Atlantic 
coasts accelerated in the last half of the twentieth century 
and still continues. Most of those new residents,  including 
developers and builders, are not very familiar with the 
power of coastal storms. Even where a hazard is apparent, 
people are often slow to respond. Is it likely to happen? Will  
I have a major loss? Can I do anything to reduce the loss? 
How much time will it take, and how much will it cost? Who 
else has experienced such a hazard?

Several federal agencies have programs to foster public 
awareness and education. The Emergency Management 
Institute—in cooperation with FEMA, the National Oceanic 
and Atmospheric Administration (NOAA), USGS, and other 
agencies—provides courses and workshops to educate the 
public and governmental officials. Some state emergency 
management agencies, in partnership with FEMA and other 
federal entities, provide workshops, reports, and informa-
tional materials on specific natural hazards. Where the risk 
of earthquakes is high, the government places emphasis on 
preparing the public through drills and education programs 
(FIGURE 1-12).

Some people are receptive to making changes in the face 
of potential hazards. Some are not. The distinction depends 
partly on knowledge, experience, and whether they feel vul-
nerable. A person whose house was badly damaged in an 
earthquake is likely to either move to a less  earthquake-prone 
area or live in a house that is well braced for earthquake 

People who lose their houses in landslides may not only 
lose what they have already paid into the mortgage or home 
loan, but can be obligated to continue paying off a loan on 
a house that no longer exists. In some states, such as Cali-
fornia, there are laws preventing what are called “deficiency 
judgments” against such mortgage holders. This permits 
home owners to walk away from their destroyed homes, and 
the bank cannot go after them for the remainder of the loan. 
Banks and others that make loans or provide insurance on 
property need to therefore be aware of natural processes 
and risks to their investments.

The Role of Government
The U.S. and Canadian governments are involved in many 
aspects of natural hazard mitigation. They conduct and spon-
sor research into the nature and behavior of many kinds of 
natural disasters. They attempt to forecast hazardous events 
and mitigate the damage and loss of life they cause. Govern-
mental programs are split among several agencies.

The U.S. Geological Survey (USGS) and Geological Survey 
of Canada (GSC) are heavily involved in earthquake and vol-
cano research, as well as in studying and monitoring stream 
behavior and flow. The National Weather Service monitors 
rainfall and severe weather and uses this and the USGS data 
to try to forecast storms and floods.

The Federal Emergency Management Agency (FEMA) 
was created in 1979, primarily to bring order to the chaos 
of relief efforts that seemed invariably to emerge after 
natural disasters. After the hugely destructive Midwest-
ern floods of 1993, it has increasingly emphasized haz-
ard reduction. Rather than pay victims to rebuild in their 
original unsafe locations, such as floodplains, the agency 
now focuses on relocating them. Passage of the Disaster 
Mitigation Act in 2000 signals greater emphasis on iden-
tifying and assessing risks before natural disasters strike 
and taking steps to minimize potential losses. The act 
funds programs for hazard mitigation and disaster relief 
through FEMA, the U.S. Forest Service, and the Bureau of 
Land Management.

To determine risk levels and estimate loss potential from 
earthquakes, federal agencies such as FEMA consider poten-
tial hazards, inventories of the hazards, direct damages, 
induced damages, direct economic and social losses, and 
indirect losses. To address the hazards and potential dam-
ages, they need to understand the hazards and processes 
that drive them.

Unfortunately, some government policies can be coun-
terproductive, especially when politics enter the equation. 
In some cases, disaster assistance continues to be provided 
without a large cost-sharing component from states and 
local organizations. Thus, local governments continue to 
lobby Congress for funds to pay for losses but lack incen-
tive to do much about the causes. FEMA is charged with 
rendering assistance following disasters; it continues to 
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to follow them. The annual per capita income for Haiti is 
only $834*, so most people live on only about $2 per day. 
Most are uneducated and cannot even read or write. Chile, 
however, is the wealthiest country in Latin America with 
an annual per capita income of $14,520*. Being along one 
of the world’s most active subduction zones, Chile is very 
familiar with earthquakes; its building codes, upgraded after 
the 1960 earthquake (the world’s largest), are among the 
strongest in the world.

The 2015 magnitude 7.8 earthquake in Nepal provided a 
severe reminder of the hazards of a small, poor country liv-
ing in the collision zone of two major tectonic plates. The 
ancient Indian plate’s ongoing collision with the Asian plate 
crumples the country to raise the Himalayas, the highest 
mountain range in the world. 

Walls of most buildings in the country were constructed 
from loose stone or bricks with little or no mortar. Heavy 
poured concrete floors of two- to four-story buildings were 
supported on thin concrete posts with little or no reinforc-
ing. Shaking from that strong earthquake on such heavy, 
weak, and rigid structures collapsed many like a tall stack 
of kid’s blocks. Large aftershocks brought down many build-
ings weakened by the main shocks. More than 9000 people 
died, most crushed under tons of masonry (FIGURE 1-13). 

The example of Hurricane Katrina, in New Orleans in 
2005, provides additional understanding of the effects of a 
catastrophic event on poor people, even in an affluent coun-
try (FIGURE 1-14). Despite clear prediction of a dangerous 
storm approaching, many residents had no means to leave 
the city and nowhere to go even if they could have left. Ten 
days after the storm, an estimated 10,000 people still refused 
to leave their homes in flooded and seriously contaminated 

resistance. People losing their homes to a landslide are more 
likely to avoid living near a steep slope. The best window 
of opportunity for effective hazard reduction is immediately 
following a disaster of the same type. Studies show that this 
opportunity is short—generally, not more than two or three 
months.

Different Ground Rules for the Poor
In countries where poverty is widespread, the forces that 
drive many people’s behavior are different than those in 
prosperous countries. Food and shelter dictate where they 
live. In Guatemala and Nicaragua, giant corporate farms 
now control most of the fertile valley bottoms, leaving peas-
ants little choice but to work for them in the fields at mini-
mal wages and to provide their own shelter on the steep 
landslide-prone hillsides. Their choice of steep hillsides as a 
place to live is a hazardous one, but they have little choice to 
survive. Compounding the problem is that fertility rates and 
population growth in desperately poor countries are among 
the highest in the world, so more people are forced to live in 
less suitable areas. 

The disaster differences between poor and more afflu-
ent countries were accentuated in early 2010 by the 
earthquakes in Haiti and Chile. The magnitude 7.0 Haiti 
earthquake, which struck near the capital city of Port-au-
Prince, killed more than 159,000 people and left 1.3 million  
homeless, whereas the magnitude 8.8 earthquake in Chile 
killed about 800. Although the Chile earthquake was about 
500 times stronger at its epicenter, it caused far fewer fatali-
ties. The greatest difference was that Haiti has no build-
ing codes, and even if it did, most people have no money 

FIGURE 1-12 Earthquake Drill

The Great ShakeOut Earthquake Drill, October 16, 2014. Middle 
school students in Reston, Virginia, participate. 
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*World Bank, 2014.

FIGURE 1-13 Earthquake Aftermath

Buildings in Kathmandu and most other cities in Nepal collapsed 
into piles of bricks and stone, providing occupants little chance of 
survival.
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12 CHAPTER 1

 Living with Nature
Catastrophic events are natural and normal processes, but 
the most common human reaction to a current or potential 
catastrophe is to try to stop ongoing damage by controlling 
nature. In our modern world, it is sometimes hard to believe 
that scientists and engineers cannot protect us from natural 
disasters by predicting them or building barriers to withstand 
them.

Unfortunately, we cannot change natural system behav-
iors, because we cannot change natural laws. Most com-
monly, our attempts tend only to temporarily hinder a 
natural process while diverting its damaging energy to 
other locations. In other cases, our attempts cause energy 
to build up and produce more severe damage later.

If, through lack of forethought, you find yourself in a haz-
ardous location, what can you do about it? You might build 
a levee to protect your land from flooding. Or you might 
build a rock wall in the surf to stop sand from leaving your 
beach and undercutting the hill under your house.

If you do any of these things, however, you merely trans-
fer the problem elsewhere, to someone else, or to a later 
point in time. For example, if you build a levee to prevent 
a river from spreading over a floodplain and damaging your 
property, the flood level past the levee will be higher than 
it would have been without it. Constricting river flow with a 
levee also backs up floodwater, potentially causing flood-
ing of an upstream neighbor’s property. Deeper water also 
flows faster past your levee, so it may cause more erosion of 
a downstream neighbor’s riverbanks.

Overall, as a society, we seem to be following trends 
recognized by Jared Diamond in his book Guns, Germs, 

and Steel: The Fates of Human Societies (1999). Diamond 
recounts the collapse of ancient civilizations that failed to 
anticipate a problem, failed to recognize an existing prob-
lem, or neglected to fix the problem until it was too late. For 
gradual problems, many even denied that there was a prob-
lem. In some cases, they denied that they themselves were 
the cause of the problem and therefore could not see a solu-
tion. Does this sound like today? Throughout this book, we 
address natural hazards that affect us, some sudden and 
unexpected (for example, earthquakes, some landslides); 
some repeated but which we address with temporary short-
term fixes (floods, hurricanes), and some slow and insidi-
ous that we deny exist or that we contribute to (climate 
change).

Individually and as a society, we must learn to live with 
nature, not try to control it. Mitigation efforts typically seek 
to avoid or eliminate a hazard through engineering. Such 
efforts require financing from governments, individuals, 
or groups likely to be affected. Less commonly, but more  
appropriately, mitigation requires changes in human 
behavior. Behavioral change is usually much less expen-
sive and more permanent than the necessary engineering 
work. In recent years, governmental agencies have begun 
to learn this lesson, generally through their own mistakes, 

areas. The predominantly poor people from the eastern part 
of the city, who were unable to evacuate before the storm’s 
arrival, made up most of the flood survivors who crowded 
into the Superdome and the Convention Center during the 
storm. Before Katrina, 23% of New Orleans residents lived 
below the poverty line. Many survived from day to day, 
had no savings or working cars, and lived in rented homes 
or apartments. Less than half of New Orleans residents had 
flood insurance.

A major problem for many families—especially the 
poor—was separation of family members during evacu-
ation and the storm. For example, a mother or father 
evacuated with children but left behind an elderly par-
ent who couldn’t be moved. In some cases, parents were 
separated from their children during evacuation, or one 
parent left to help a relative, friend, or neighbor and was 
unable to return. Because their home was no longer a 
point of reference, communication became difficult or 
impossible. 

In the case of Hurricane Katrina, evacuees’ medical prob-
lems were compounded by the storm. Patients could not 
find their doctors and doctors could not find their patients. 
Patients on prescription medications or undergoing special-
ized treatments often could not remember the names of their 
medicines or the details of their treatments. Years of medical 
records were lost.

For such poor societies, the reduction of vulnerability 
to natural hazards does not depend much on strengthen-
ing the zoning restrictions against living in dangerous areas 
or improving warning systems, though education can help. 
More so, it depends on cultural, economic, and political fac-
tors. Because more affluent individuals and corporations 
control many of those factors, the poor are left to fend for 
themselves. 

FIGURE 1-14 Failed to Evacuate

Survivors of Hurricane Katrina wait on a roof for rescue. Why did 
they not evacuate when warned? Lack of transportation? Previous 
false alarms?
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 Natural Hazards and Disasters  13

may not be realistic, we can forecast the likelihood of cer-
tain types of occurrence that may endanger our property 
or physical safety. This book provides the background you 
need to be knowledgeable about natural hazards.

FIGURE 1-15 Living with Tropical Storms

Tropical storms (green) sweep north along the East Coast and 
up through the Gulf of Mexico, bringing sometimes severe 
weather to the central and eastern United States (no map color). 
Earthquakes (yellow to red) concentrate near the West Coast and 
Intermountain West.
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but then they often regress because of local pressure from 
groups of affected residents or from groups wanting to 
develop an affected site. In a few places along the Missouri 
and Sacramento Rivers, for example, some levees are being 
reconstructed back from the riverbanks to permit water to 
spread out on floodplains during future floods.

Where are specific natural hazards most widespread? 
Where can we live to avoid them? As FIGURE 1-15 shows, 
there is no easy answer: There are earthquakes along the 
West Coast, especially in California; wildfires throughout 
the western states, especially in southern California; torna-
does in the Midwest and farther east; hurricanes and floods 
along the Gulf Coast and central Atlantic coast; flash floods 
in southern California; sinkholes in Florida; and landslides 
and floods happen throughout the country, including in the 
Great Plains. These hazards can be found almost anywhere, 
although they may vary in severity. Volcanoes are active in 
the Pacific Northwest, and tsunamis can affect almost any 
coast. How do we stop the rise of global warming and learn 
to live with its worsening effects? You may believe you will 
not be impacted by a major hazard, but you may well be 
wrong. The following chapters help you decide what natu-
ral hazards are most likely to affect you wherever you live—
and how to avoid them.    

Given the constraints of health, education, and livelihood, 
we can minimize living in the most hazardous areas. We can 
avoid one type of hazard while tolerating a less ominous one. 
Above all, we can educate ourselves about natural hazards 
and their controls, how to recognize them, and how to antic-
ipate increased chances of a disaster. Although prediction 
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14 CHAPTER 1

Chapter Review

Key Points

Catastrophes in Nature

 ■ Many natural processes that we see are slow and 
gradual, but occasional sudden or dramatic events 
can be hazardous to humans.

 ■ Hazards are natural processes that pose a threat to 
people or their property.

 ■ A large event becomes a disaster or catastrophe 
only when it affects people or their property. Large 
natural events have always occurred but do not 
become disasters until people place themselves in 
harm’s way.

 ■ More common and less dramatic hazards, such 
as heat, cold, and flooding, often have higher 
associated fatalities than rare but dramatic hazards, 
such as earthquakes and volcanoes. FIGURE 1-3.

 ■ The cost of natural hazards is increasing 
worldwide as a result of growth in population and 
development. Developed countries suffer greater 
financial losses in a major disaster; poor countries 
suffer more fatalities. FIGURE 1-4.

 ■ Climate change and global warming potentially 
increase the severity of weather-related hazards.

Predicting Catastrophe

 ■ Events are often neither cyclic nor completely 
random.

 ■ Although the precise date and time for a disaster 
cannot be predicted, understanding the natural 
processes that control them allows scientists to 
forecast the probability of a disaster striking a 
particular area. 

 ■ Statistical predictions or recurrence intervals are 
average expectations based on past experience. 
FIGURE 1-6.

 ■ There are numerous small events, fewer larger 
events, and only rarely a giant event. We are 
familiar with the common small events but, 
because they come along so infrequently, we tend 
not to expect the giant events that can create 
major catastrophes. By the Numbers 1-1.

 ■ Many natural features and processes are fractal—
that is, they have similarities across a broad range 
of sizes. Large events tend to have characteristics 
that are similar to smaller events. FIGURE 1-7.

Relationships among Events

 ■ Different types of natural hazards often interact with 
or influence one another. FIGURE 1-8.

 ■ Natural processes can sometimes trigger other, more 
rapid changes in a feedback effect.

 ■ Overlapping influences of multiple factors can 
lead to the extraordinarily large events that often 
become disasters. FIGURE 1-9.

Mitigating Hazards

 ■ Mitigation involves efforts to avoid disasters rather 
than merely dealing with the resulting damages.

 ■ Land-use planning can prevent development of 
hazardous areas, but it often faces opposition.

 ■ Insurance can help people recover from  
a disaster by providing financial compensation  
for losses. Risk is proportional to the probability of 
occurrence and the cost from such an occurrence. 
By the Numbers 1-2.

 ■ People need to be educated about natural 
processes and how to learn to live with and avoid 
the hazards around them.

 ■ In poor societies, the reduction of vulnerability 
to natural hazards does not depend on zoning 
restrictions or improving warning systems but on 
cultural, economic, and political factors.

Living with Nature

 ■ Erecting a barrier to some hazard will typically 
transfer the hazard to another location or to a later 
point in time.

 ■ Humans need to learn to live with some natural 
events rather than trying to control them.
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Critical Thinking Questions
1. If people should not live in especially dangerous  

areas, what beneficial uses could there be for  
those areas? What are some examples?

2. What responsibility does the government have to 
ensure that its citizens are safe from natural hazards? 
Conversely, what freedom should individuals have to 
choose where they want to live?

3. A small town suffering economic losses from the clo-
sure of a factory considers a plan to build a new hous-
ing development in an area where there is a record 
of infrequent flooding. Make a case for and against 
this development. In your case for the development, 
describe what measures need to be taken to minimize 
hazards.

4. Should people be permitted to build in hazardous 
sites? Should they expect government help in case of 
a disaster? Should they be required to pay for all costs 
incurred in a disaster?

5. What are the main natural hazards in the region where 
you currently live or where you grew up? 

6. If I sell a house that is later damaged by landsliding,  
who is responsible, that is, what are the main 
considerations?

7. When the federal government provides funds to pro-
tect people’s homes from floods or wildfires, individual 
home owners benefit at the expense of taxpayers. What 
are the two main types of alternatives to eliminate tax-
payer expense for natural hazard losses?

8. What is meant by the expression “Those who ignore the 
past are condemned to repeat it”? Provide an example 
related to natural hazards.

9. When we note that people need to take responsibility 
for their own actions when living in a hazardous envi-
ronment, what is different about the behavior of poor 
people living in underdeveloped countries?

Key Terms
catastrophe, p. 3

feedback effect, p. 7

forecast, p. 5

fractal, p. 6

frequency, p. 5

insurance, p. 9

land-use  
planning, p. 8

magnitude, p. 5

mitigation, p. 8

natural disaster, p. 3

natural hazard, p. 3

precursor event, p. 7

recurrence  
interval, p. 5

risk, p. 9

reverse condemnation p. 8

Questions for Review
1. What are some of the reasons people live in areas 

prone to natural disasters?

2. Is the geologic landscape controlled by gradual and unre-
lenting processes or intermittent large events with little 
action in between? Provide an example to illustrate.

3. Some natural disasters happen when the equilibrium 
of a system is disrupted. What are some examples?

4. Contrast the general nature of catastrophic losses in 
developed countries versus poor countries. Explain 
why this is the case.

5. What are the three most deadly natural hazards in the 
United States?

6. What are the main reasons for the ever-increasing costs 
of catastrophic natural events?

7. Why are most natural events not perfectly cyclic, even 
though some processes that influence them are cyclic?

8. What is the difference between a prediction and  
a forecast?

9. Give an example of a feedback effect in natural processes. 

10. Give an example of a fractal system.

11. Describe the general relationship between the  
frequency and magnitude of an event.

12. If the recurrence interval for a stream flood has been 
established at 100 years and the stream flooded last 
year, what is the probability of the stream flooding 
again this year?

13. What are the two main factors insurance companies 
use to determines the cost of an insurance policy for a 
natural hazard?

14. When people or governmental agencies try to restrict 
or control the activities of nature, what is the general 
result?
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■ The Himalayas of Nepal 
mark the collision zone 
between the Eurasian tectonic 
plate and the northward-
moving plate containing India.

2 Plate Tectonics  
and Physical Hazards
The Big Picture

W
hy is the Pacific coast of North America so rugged and mountainous, with 

steep slopes prone to landslides, whereas the Atlantic coast is relatively flat 

with gently sloping beaches? Why are most active volcanoes and large earth-

quakes concentrated near the edge of the Pacific? Why are most tsunamis in 

the Pacific Ocean rather than the Atlantic? Why do the continents on the edges of the Atlantic 

Ocean look like they would fit if you were to push them together? The answers to all of these 

questions and many others lie in the theory known as plate tectonics. 

We now know that giant blocks of the upper layers of Earth move around, grind sideways, 

collide, or sink into the hot interior of the planet where they cause melting of rocks and forma-

tion of volcanoes. Those collisions between tectonic plates squeeze up high mountain ranges, 

even as landslides and rivers erode them away. To understand these processes and associated 

hazards, we need to understand the forces that drive them. Natural hazards of all kinds are 

ultimately driven by mountains, oceans, coasts, and the weather and climate that they control.

16
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Earth Structure
At the center of Earth is its core, surrounded by the 
thick mantle and covered by the much thinner crust 
( FIGURE 2-1). The distinction between the mantle and 
the crust is based on rock composition. We also distin-
guish between two zones of Earth based on rock rigid-
ity or strength. The stiff, rigid outer rind of Earth is called 
the lithosphere , and the inner, hotter, more easily 
deformed part is called the asthenosphere (FIGURE 2-1B). 
Continental lithosphere includes silica-rich crust 30 to  
50 km thick, underlain by the upper part of the mantle 
(see  Appendix 2  online for detailed rock compositions). 
Oceanic  lithosphere is generally only about 60 km thick; 
its top 7 km are a low-silica basalt-composition crust. Con-
tinental crust is largely composed of high-silica-content 
minerals, which give it the lowest density (2.7 g/cm3) 
of  the major regions on Earth. Oceanic crust is denser  
(3 g/cm3) b ecause it contains more iron- and magnesium-
rich minerals.

Because we do not have direct observations of crustal 
thickness, scientists measure the gravitational attraction of 
Earth (which is greater over denser rocks) and analyze the 
velocity and timing of seismic waves as they radiate away 
from earthquake epicenters to provide indirect evidence 
of the density, velocity, and thickness of subsurface mate-
rials. The boundary between Earth’s crust and mantle has 
been identified as a major difference in density called the 
Mohorovič ić  discontinuity or Moho. It marks the base of the 
continental crust.

Deeper in the mantle, the next major change in material 
properties occurs at the boundary between the strong, rigid 
lithosphere above and the weak, deformable asthenosphere 
below. This boundary was first identified as a near-horizontal 
zone of lower velocity earthquake waves that move at sev-
eral kilometers per second. The so-called low-velocity zone 
is concentrated at the top of the asthenosphere and may 
contain a small amount of molten  basalt over a zone a few 
hundred kilometers thick. The cold, rigid lithosphere rides 
on that asthenosphere made weak by its higher temperatures 
and perhaps also by small melt contents.

Earth’s topography clearly shows the continents standing 
high relative to the ocean basins (FIGURE 2-2). The thin litho-
sphere of the ocean basins stands low; the continents with 
their thick lower-density lithosphere float high and sink deep 
into the asthenosphere.

The elevation difference between the continental and 
oceanic crusts is explained by the concept of isostacy, 
or buoyancy. A floating solid object displaces an amount 
of liquid with the same mass. Although Earth’s mantle is 
not  liquid, its high temperature (above 450°C or 842°F) 
permits it to flow slowly as if it were a viscous liquid. As 
a result, the proportion of a mass immersed in the liquid 
can be calculated from the density of the floating solid 
divided by the density of the liquid (By the Numbers 2-1: 
Height of a Floating Mass). Similarly, where the weight 
of an extremely large glacier is added to a continent, the 
crust and upper mantle slowly sink deeper into the man-
tle. That happened during the last ice age when thick ice 
covered most of Canada and the northern United States. 

FIGURE 2-1 Earth Structure

A (whole-Earth inset). A slice into Earth shows a solid inner core and a liquid outer core, both composed of nickel-iron. 
Peridotite in Earth’s mantle makes up most of the volume of Earth. Earth’s crust, on which we live, is as thin as a line at this scale. 
B (main diagram). This expanded view shows the relative thickness and density of different parts of Earth’s mantle and 
crust. The boundary between the mantle and crust is called the Moho.
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18 CHAPTER 2

based on the height of the mountains above sea level. A 
scientist, George Airy, inferred that the mountains must be 
thicker than they appeared, not merely standing on Earth’s 
crust but extending deeper into it. Based on measurements 
of the density and velocity of earthquake waves through the 
crust, it now seems that many major mountain ranges do in 

As the ice melted, these areas gradually rose back toward 
their original heights.

About 150 years ago, measurements showed that gravita-
tional attraction of the huge mountain mass of the Himala-
yas pulled plumb bobs of very precise surveying instruments 
toward the mountain range more than would be expected 

By the Numbers 2-1

Height of a Floating Mass

The height to which a floating block of ice rises above water depends on the density of water compared with the density of ice. For example, when  

water freezes, it expands to become less dense (ice density is 0.9 g/cm3, liquid water is 1.0 g/cm3). Thus, 90% of an ice cube or iceberg will be  

underwater. Similarly, for many large mountain ranges, approximately 84% of a mountain range of continental rocks (2.7 g/cm3) will submerge into the mantle 

(3.2 g/cm3) as a deep mountain root. Note that 2.7/3.2 = 0.84 or 84%. That is, Earth’s crust rocks are about 84% as dense as Earth’s mantle rocks.

Mountain root

(crust)

Water

90% of

volume

submerged

Iceberg:

10% above

water

Major mountain range:

about 16% above

average continent

Earth’s mantle

Atlantic

Ocean

Pacific

Ocean

Seafloor
ridge

Trench

Indian

Ocean

FIGURE 2-2 Mountain Ranges

This shaded relief map shows the continents standing high. Mountain ranges in red tones concentrate at some continental margins. Dark 
blue areas are the deep ocean floor. Light blue seafloor ridges in oceans are mountain ranges on the ocean floor. Dark blue trenches are 
deep subsea valleys.
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Even though they are uneven in size and irregular in shape, 
the plates fit neatly together almost like a mosaic that cov-
ers entire surface of Earth. Most plates consist of a combina-
tion of continent and ocean areas. About half of the South 
American Plate lies under the Atlantic Ocean and half is 
continent. Even the Pacific Plate, which is mostly ocean, 
includes a narrow slice of western California and part of 
New Zealand.

The lithospheric plates move over the weak,  deforming 
asthenosphere at rates up to 8 cm (3.2 in.) per year, as con-
firmed by satellite Global Positioning System (GPS) mea-
surements. Many move in roughly an east–west direction, 
but some don’t. Plate  tectonics is the big picture theory 
that describes the movements of Earth’s plates. We will 
present the evidence for plate tectonics at the end of this 
chapter.

Some plates separate, others collide, and still others  
slide under, over, or past one another (FIGURES 2-3 and 2-4).  
In some cases, their encounters are head on; in others, 
the collisions are more oblique. Plates move away from 
each other at  divergent boundaries. Plates move toward 
each other at collision or convergent  boundaries. 
In cases where one or both of the converging plates 
are oceanic lithosphere, the denser plate will slide 

fact have roots, and their crust is much thicker than adjacent 
older crust. As the mountains grew higher, their roots sank 
deeper into a fluid Earth, like a block of wood floating in 
water.

The temperature of the crust also affects its elevation. The 
crust that makes up the mountains of western Canada and 
the northwestern United States is no thicker than the 40-km-
thick continental crust to the east, and in some areas it is even 
thinner. Why then does it rise higher above sea level? Mea-
surement of the temperature of the deep crust shows it to be 
hotter than old, cold continental crust to the east. In certain 
mountain ranges such as this one, the hot, more expanded, 
crust of the mountain range is less dense, so it floats higher 
than old, dense continental crust on the underlying astheno-
sphere. Heat in the thin crust may have been provided from 
the hot underlying mantle asthenosphere that stands rela-
tively close to Earth’s surface. 

Plate Movement
The lithosphere is not continuous like the rind on a melon. 
It is broken into a dozen or so large lithospheric plates 
and about another dozen much smaller plates ( FIGURE 2-3). 
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FIGURE 2-3 Lithospheric Plates

Most large lithospheric plates consist of both continental and oceanic areas. Although the Pacific Plate is largely oceanic, it does 
include parts of California and New Zealand. General direction and velocities of plate movement (compared with hotspots that are 
inferred to be anchored in the deep mantle), in centimeters per year, are shown with red arrows.
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northern California coast, the Cascadia subduction zone at 
the Washington-Oregon coast joins both the San Andreas 
transform fault of California and the Mendocino transform 
fault that extends offshore. The north end of the same sub-
duction zone joins both the Juan de Fuca spreading ridge 
and the Queen Charlotte transform fault at a triple junction 
just off the north end of Vancouver Island.

Hazards and Plate Boundaries
Most of Earth’s earthquake and volcanic activity occurs along 
or near plate boundaries (FIGURES 2-5 and 2-6). Most of the 
convergent boundaries between oceanic and  continental 
plates form subduction zones along the  Pacific coasts of 
North and South America, Asia,  Indonesia, and New Zealand. 
Collisions between continents are best expressed in the high 
mountain belts extending across  southern Europe and Asia. 
Most rapidly spreading divergent boundaries  follow oceanic 
ridges. In some cases, slowly spreading  continental boundar-
ies, such as the East African Rift zone, pull continents apart. 
Each type of plate boundary has a distinct pattern of natural 
events associated with it.

down, or be  subducted, into the asthenosphere, form-
ing a  subduction zone. When two continental plates  
collide (collision zone), neither side is dense enough to 
be subducted deep into the mantle, so the two sides typi-
cally crumple into a thick mass of low-density continental 
material. This type of convergent boundary is where the 
largest mountain ranges on Earth, such as the Himalayas, 
are built. In the remaining category of plate interactions, 
two plates slide past each other at a transform boundary,  
such as the San Andreas Fault.

Plate motion is driven by seafloor spreading. Magma 
wells up at mid-oceanic ridges to form new oceanic crust. 
As the crust spreads out from the ridge, older crust moves 
away from the ridge until it finally sinks into the deep oce-
anic trenches along the edges of some continents. Plates 
continue to drift apart at the Mid-Atlantic Ridge, for  example, 
making the ocean floor wider and moving North America 
and Europe farther apart. In the Pacific Ocean, the plates 
diverge at the East Pacific Rise; their oldest edges sink in the 
deep ocean trenches near the western Pacific continental 
margins.

In some places, different types of plate edges intersect. 
For example, at the Mendocino triple junction just off the 
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FIGURE 2-4 Plate Boundaries

This three-dimensional cutaway view shows a typical arrangement of the different types of lithospheric 
plate boundaries: transform, divergent (spreading ridge), and convergent (subduction zone).
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FIGURE 2-5 Earthquakes at Plate Boundaries 

Most earthquakes are concentrated along boundaries between major tectonic plates, especially subduction zones and transform faults, 
with fewer along spreading ridges. The depth at which the earthquake occurred is called the focus, and is shown in different colors.
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FIGURE 2-6 Volcanoes Near Plate Boundaries 

Most volcanic activity also occurs along plate tectonic boundaries. Eruptions tend to be concentrated along the continental side of 
subduction zones and along divergent boundaries, such as rifts and mid-oceanic ridges. 
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300 years. It erupts a large basalt lava flow that covers as 
much as several thousand square kilometers. The last fissure 
opened in 1821. Finally in April 2010, rifting under a glacier 
again erupted basalt magma. The hot magma melted the 
ice causing flooding and an immense ash cloud that spread 
over most of northern Europe, curtailing air traffic for days.  
Another such event could happen at any time. Fortunately, 
the sparse population of the region limits the potential for a 
great natural disaster.

Spreading centers in the continents pull apart at much 
slower rates and do not generally form along plate bound-
aries. The East African Rift zone that extends north–south 
through much of that continent (FIGURE 2-8) may be the 
early stage of a future ocean. Continental rifts, such as the 
Rio Grande Rift of New Mexico and the Basin and Range of 
Nevada and Utah, spread so slowly that they cannot split 
the continental plate to form new ocean floor (FIGURE 2-9).  
Continental spreading was responsible for creating the 
 Atlantic Ocean long ago (FIGURE 2-10).

Continental spreading centers experience a few 
 earthquakes—sometimes large—and volcanic eruptions. 
Volcanic activity is varied, ranging from large rhyolite calde-
ras in the Long Valley Caldera of the Basin and Range region 
of southeastern California and the Valles Caldera of the Rio 

Divergent Boundaries
As plates pull apart, or rift, at divergent boundaries, magma 
wells up at the spreading centers between the plates to 
form a ridge with a central rift valley (FIGURE 2-7). A system 
of more-or-less connected ridges winds through the ocean 
basins like the seams on a baseball. These rift zones are 
associated with volcanic activity in the form of basalt lava 
flows as well as earthquakes. 

These spreading centers are the source of the basalt 
lava flows that cover the entire ocean floor, roughly two-
thirds of Earth’s surface, to an average depth of several 
 kilometers. The molten basalt magma rises to the surface, 
where it comes in contact with water. It then rapidly cools 
to form pillow-shaped blobs of lava with an outer solid 
rind initially encasing molten magma. As the plate moves 
away from the spreading center, it cools, shrinks, and thus 
increases in density. This explains why the hot spreading 
centers stand high on the subsea topography. New ocean 
floor continuously moves away from the oceanic ridges as 
the oceans grow wider by several centimeters every year.

The only place where frequent earthquakes and volcanic 
eruptions along oceanic ridges pose a danger to people or 
property is in Iceland, where the oceanic ridge rises above sea 
level. Repeated surveys over several decades have shown that 
Iceland’s central valley is growing wider at a rate of several 
centimeters per year. The movement is the result of the North 
American and Eurasian Plates  pulling away from each other, 
making the Atlantic Ocean grow wider at this same rate.

Iceland’s long recorded history shows that a broad  
fissure opens in the floor of its central valley every 200 to 

FIGURE 2-7 Mid-Oceanic Ridge

The spreading Mid-Atlantic Ridge, fracture zones, and transform 
faults are dramatically exhibited in this topography of the ocean 
floor. Fracture zones across the ridge are parallel to the spreading-
movement direction but not necessarily perpendicular to the ridge. 
Transform faults are offsets (e.g., of ridge crests) along fracture 
zones.
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FIGURE 2-8 Beginning of an Ocean

The East African Rift Valley spreads the continent 
apart at rates 100 times slower than typical 
oceanic rift zones. This rift forms one arm of a triple 
junction, from which the Red Sea and the Gulf of 
Aden form along more rapidly spreading rifts. 
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or potassium contents. Some of the rhyolite ash deposits 

in the Rio Grande Rift and in the Basin and Range pro-

vide evidence of extremely large and violent eruptions 

of giant rhyolite volcanoes. But those events appear to be 

 infrequent, and much of the region is sparsely populated, 

so they do not pose much of a volcanic hazard.

Grande Rift of New Mexico, to small basaltic e ruptions at the 

edges of the spreading center.

Most of the magmas that erupt in continental rift zones 

are either ordinary rhyolite or basalt with little or no 

 intermediate andesite (see Table 6-1). But some of the 

magmas, as in East Africa, are peculiar, with high sodium 

Rift valley

B

South

America

A growing Atlantic

Africa

C

Volcanic activity

Lithosphere

Continental crust

Rising

magma

A

FIGURE 2-10 Evolution of a Spreading Ridge

A spreading center forms as a continent is pulled apart to form new oceanic lithosphere. This process separated the supercontinent of 
Pangaea into South America and Africa, thereby forming the Atlantic Ocean. A, B, and C show progressive stages in opening of the ocean, 
beginning with swelling of the hot lithosphere. This spreading eventually results in an ocean basin, as shown in C.
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FIGURE 2-9 Continental Spreading

The Basin and Range terrain is found southwest of Salt Lake City, Utah. This broad area of spreading in the western United States is marked 
by prominent basins between mountain ranges. Centered in Nevada and western Utah, it gradually decreases in spreading rate to the north 
across the Snake River Plain, near its north end. Its western boundary includes the eastern edge of the Sierra Nevada Range, California, and 
its main eastern boundary is at the Wasatch Front near the east side of Great Salt Lake, Utah. An eastern branch includes the Rio Grande Rift  
of central New Mexico.
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toward the surface. If the basalt passes through continental 
crust, it can heat and melt some of those rocks to make rhy-
olite magma. The basalt and  rhyolite may erupt separately 
or mix in any proportion to form andesite and related rocks, 
the common volcanic rocks in stratovolcanoes. The High 
Cascades  volcanoes in the Pacific  Northwest are a good 
example; they lie inland from an oceanic trench, the surface 
expression of the active subduction zone (F IGURE 2-12).

Recall that most mountain ranges stand high. They stand 
high because they are either hot volcanoes of the volcanic 
arc or part of the hot backarc, the area behind the arc, above 
the descending subduction slab. The backarc environment 
stands high because it weakens, perhaps due to circulating 
hot water-bearing rocks of the asthenosphere that spread, 
expand, and rise. In some cases, an oceanic plate descends 
beneath another section of oceanic plate attached to a conti-
nent. The same melting process  described previously gener-
ates a line of basalt volcanoes because there is no overlying 
continental crust to melt and form rhyolite.

Volcanoes above a subducting slab present hazards to 
nearby inhabitants and their property. Deterring people from 
settling near these hazards can be difficult, because volca-
noes are very scenic, and the volcanic rocks break down 
into rich soils that support and attract large populations. 
Volcanoes surrounded by people are prominent all around 
the Pacific basin and in Italy and Greece, where the African 
Plate collides with Europe.

Convergent Boundaries
Convergent boundaries, where plates come together, consist 
of both subduction zones and continental collision zones. 
Both zones are associated with earthquakes; volcanoes are 
more common at subduction zones.

SUBDUCTION ZONES As Earth generates new oceanic 
crust at boundaries where plates pull away from each other, 
it must destroy old oceanic crust somewhere else. It swal-
lows this old crust in subduction zones, where one plate 
slides beneath the other and dives into the hot  interior. 
The plate that sinks is the denser of the two, the one with  
oceanic crust on its outer surface. It absorbs heat as it sinks 
into the much hotter rock beneath. The subduction of  
one plate under another results in volcanic activity and 
earthquakes (FIGURE 2-11).

Where an oceanic plate sinks in a subduction zone, a line 
or arc of picturesque volcanoes rises inland from the trench. 
The process begins at the oceanic spreading ridge, where 
fractures open in the ocean floor. Seawater penetrates the 
dense peridotite of the upper mantle, where the two react 
to make a greenish rock called serpentinite. That altered 
ocean floor eventually sinks through an oceanic trench 
and descends into the upper mantle, where the serpenti-
nite heats up, breaks down, releases its water, and reverts 
back to  peridotite. The water rises into the overlying man-
tle, which it partially melts to make basalt magma that rises 

Oceanic mantle

Continental crust

Continental interiorActive

volcanoes

Melting 

to form 

magma

Pacific Ocean

Continental mantle wedge

Sediments

2 6
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1 Oceanic crust

A cross-section through the

Pacific continental margin showing 

collision of the oceanic and continental plates. 

The subducting oceanic plate consists of basaltic crust  1 

over peridotite mantle  2 . Earthquakes occur near

the top of the descending oceanic plate  3 .  The over-

riding continental plate consists of granitic composition

crust  4  over peridotite mantle  5 . Heat and water from

near the top of the subducting plate generate magma

that rises to form volcanoes near the edge of the over-

riding plate  6 , as explained in Chapter 6.

  

FIGURE 2-11 Subduction Zone Processes
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The section of the fault between the offset ends of the  spreading 
ridge has significant relative movement ( FIGURE 2-14A). Lat-
eral movement between the ridge ends occurs in the opposite 
direction compared to beyond the ridges, where there is no 
relative movement across the same fault. Note also that the 
offset between the two ridge segments does not indicate the 
direction of relative movement on the transform fault.

Oceanic transform faults generate significant earthquakes 
without causing casualties because no one lives on the ocean 
floor. On continents it is a different story. The San Andreas Fault 
system in California (FIGURE 2-14B) is a well-known continen-
tal example. The San  Andreas Fault is the dominant member of 
a swarm of more-or-less parallel faults that move horizontally. 
Together, they have moved a large slice of western California, 
part of the Pacific Plate, north more than 350 km so far.

Transform plate boundaries typically generate large num-
bers of earthquakes, a few of which are catastrophic. A sudden 
movement along the San Andreas Fault caused the devastat-
ing San Francisco earthquake of 1906, with its large toll of 
casualties and property damage. The San Andreas system 
of faults passes through the metropolitan areas south of San 
Francisco and just east of Los Angeles. Both areas are home to 
millions of people, who live at risk of major earthquakes that 
have the potential to cause enormous casualties and substan-
tial property damage with little or no warning. Even moderate 
earthquakes in 1971 and 1994 near Los Angeles, in 1989 near 
San Francisco, and in 2003 near Paso Robles, between them, 
killed almost 200 people. The threat of such sudden havoc in a 
still larger event inspires much public concern and major sci-
entific efforts to find ways to predict large earthquakes.

For reasons that remain mostly unclear, some transform 
plate boundaries are also associated with volcanic activity. 

The sinking slab of lithosphere also generates many 
earthquakes, both shallow and deep. Grinding rock against 
rock, the slippage zone sticks and occasionally slips, with 
an accompanying earthquake. Earth’s largest earthquakes 
are generated along subduction zones; some of these cause 
major natural catastrophes such as the 2011 earthquake 
in Japan. Somewhat smaller—but still dangerous—earth-
quakes occur in the overlying  continental plate between the 
oceanic trench and the line of volcanoes.

Sudden slippage of the submerged edge of the continen-
tal plate over the oceanic plate during a major earthquake 
can cause rapid vertical movement of a lot of water, which 
creates a huge tsunami wave. The wave both washes onto 
the nearby shore and races out across the ocean to endanger 
other shorelines.

COLLISION ZONES Where two continental plates collide, 
called a continental collision zone, neither plate sinks, so 
high mountains, such as the Himalayas, are pushed up in fits 
and starts, accompanied by large earthquakes ( FIGURE 2-13). 
During the continuing collision of India against Asia to form 
the Himalayas, and between the Arabian Plate and Asia to 
form the Caucasus range farther west, earthquakes regularly 
kill thousands of people such as in the 2015 earthquake in 
Nepal. These earthquakes are distributed across a wide area 
because of the thick, stiff crust in these mountain ranges.

Transform Boundaries
At transform boundaries, or transform faults, plates simply slide 
past each other without pulling apart or colliding. Some trans-
form boundaries offset the mid-oceanic ridges. Because the 
ridges are spreading zones, the plates move away from them. 
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FIGURE 2-12 Volcanoes Near Subduction Zones

The Cascade volcanic chain forms a prominent line of peaks 
parallel to the oceanic trench and 100 to 200 km inland.  
Mt. St. Helens (in foreground) and Mt. Rainier (behind, to the 
north) are two of the picturesque active volcanoes that lie inland 
from the Cascadia subduction zone.
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FIGURE 2-13 Continental Collision Zones

The Himalayas, which are the highest mountains on any continent, were created by collision between the Indian 
and Eurasian Plates. Collision of two continental plates generally occurs after subduction of oceanic crust. The 
older, colder, denser plate may continue to sink, or the two may merely crumple and thicken. Collision promotes 
thickening of the combined lithospheres and growth of high mountain ranges. 
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FIGURE 2-14 Transform Fault

A. In this perspective view of an oceanic spreading center, 
earthquakes (stars) occur along spreading ridges and on 
transform faults offsetting the ridge. 

B. The San Andreas Fault, indicated with a yellow, dashed line, is 
an example of a continental transform fault. Shown here is the 
heavily populated area that straddles the fault just south of San 
Francisco.

D
av

id
 H

yn
dm

an

M
od

if
ie

d 
fr

om
 G

ar
ri

so
n

Copyright 2017 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



 Plate Tectonics and Physical Hazards  27

rhyolite calderas, such as those in Yellowstone National 
Park in Wyoming and Idaho, Long Valley Caldera in eastern  
California, and Taupo Caldera in New Zealand.

The rising column or plume of hot rock appears to remain 
nearly fixed in its place as one of Earth’s plates moves over 
it, creating a track of volcanic activity. The movement of 
the plate over an oceanic hotspot is evident in a chain of 
 volcanoes, where the oldest volcanoes are extinct, and 
possibly submerged, while newer, active volcanoes are 
 created at the end of the chain. Mauna Loa and Kilauea, for 
example, erupt at the eastern end of the Hawaiian Islands, 
a chain of extinct volcanoes that become older westward 
 toward Midway Island (FIGURE 2-15). Beyond Midway, the 
 Hawaiian-Emperor chain doglegs to a more northerly course. 
It continues as a long series of defunct volcanoes that are 
now submerged. They form seamounts to the western end of 
the Aleutian Islands west of Alaska. So far as anyone knows, 
the hotspot track of dead volcanoes will continue to lengthen 
until eventually the volcanoes and the plate  carrying them 
slide into a subduction zone and disappear.

Hotspot volcanoes leave a clear record of the direction 
and rate of movement of the lithospheric plates. Remnants of 
ancient hotspot volcanoes show the direction of movement 
in the same way that a saw blade cuts in the opposite direc-
tion of movement of a board being cut. The ages of those 
old volcanoes provide the rate of movement of the litho-
spheric plate. The assumption, of course, is that the mantle 

Several large volcanic fields have erupted along the San 
 Andreas system of faults during the last 16 million or so years. 
One of those, in the Clear Lake area north of San Francisco,  
erupted recently enough to suggest that it may still be  
capable of further eruptions.

Hotspot Volcanoes
Despite being remote from any plate boundary, hotspot 
 volcanoes provide a record of plate tectonic movements. 
Hotspots are the surface expressions of hot columns of partially 
molten rock anchored (at least relative to plate movements) 
in the deep mantle. Their origin is unclear, but many scientists 
infer that they arise from deep in the mantle, perhaps near 
the boundary between the core and the mantle. At a hotspot, 
plumes of abnormally hot but solid rock rising within Earth’s 
mantle begin to melt as the rock pressure on them drops. 
Wherever peridotite of the asthenosphere partially melts, it 
releases basalt magma that fuels a volcano on the surface. If 
the hotspot is under the ocean floor, the basalt magma erupts 
as basalt lava. If the hot basalt magma rises under continen-
tal rocks, it partially melts those rocks to form rhyolite magma; 
that magma often produces violent eruptions of ash.

The melting temperature of basalt is more than 300°C  
hotter than rhyolite, so a small amount of molten basalt can 
melt a large volume of rhyolite. The molten rhyolite rises in 
large volumes, which may erupt explosively through  giant 

Motion of Pacific Plate

Lo’ihi
Volcano

Lana’i

Seamount

Ni’ihau

AlaskaAsia

Plate motion

60 Myr

43 Myr

Midway
(25 Myr)

Oahu
(2–3 Myr)

Hawaii
(Active)

Kaua’i

O’ahu

Moloka’i

Kaho’olawe

Maui

Hawai’i

PACIFIC
 O

CEAN

Lithosphere

Asthenosphere

Seamount

Ni’ihau
(5.6–4.9 Ma)

Kaua’i O’ahu
(3.4 Ma)

Moloka’i
(1.8 Ma)

Maui
(1.3 Ma)

Hawai’i
Mauna Loa

SENW Volcanoes are progressively older

(0.7–0 Ma)

Motion of Pacific Plate

drags the plume head

PACIFIC PLATE

Kilauea
Lo’ihi

FIGURE 2-15 Oceanic Hotspots

The relief map of the Hawaiian-Emperor chain of volcanoes clearly shows the movement of the crust over the hotspot that is currently 
below the Big Island of Hawaii, where there are active volcanoes. Two to three million years ago, the part of the Pacific Plate below 
Oahu was over the same hotspot. The approximate rate and direction of plate motion can be calculated using the common belief that 
the hotspot is nearly fixed in the Earth for millions of years. The distance between two locations of known ages divided by the time (age 
difference) indicates a rate of movement of about 9 cm per year. The lithospheric plate, moving across a stationary hotspot in Earth’s 
mantle (moving to the left in this diagram), leaves a track of old volcanoes. The active volcanoes are over the hotspot.
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containing the hotspot is not itself moving. Comparison  
of different hotspots suggests that this is generally valid 
compared with migration of the tectonic plates, but many 
researchers suggest that it is not absolutely so.

The Snake River Plain of southern Idaho is probably the 
best example of a continental hotspot track. Along this track 
is a series of extinct resurgent calderas, depressions where the 
erupting giant volcano collapsed. Those volcanoes began to 
erupt some 14 million years ago. They track generally east 
and northeast in southern Idaho, becoming progressively 
younger northeastward as the continent moves southwest-
ward over the hotspot (FIGURE 2-16). They are a continental 
hotspot track that leads from its western end near the border 
between Idaho and Oregon to the Yellowstone resurgent cal-
dera at its active northeastern end in northwestern Wyoming.

Hotspot tracks provide clear evidence that Earth’s plates 
are in motion. Plate tectonic theory has been confirmed 
by repeated wide-ranging studies, tests, and many predic-
tions, all of which confirm its validity. What was once a 
series of hypotheses, or ideas that remain to be confirmed, 
has been so thoroughly examined and tested that it has 
been elevated to the category of theory—that is, it is now 
 considered to be fact. What prompted the original hypothe-
ses and how did it finally lead to the present understanding?

Development of a Theory
When you look at a map of the world, you may notice  
that the continents of South America and Africa would fit 
nicely together like puzzle pieces. In fact, as early as 1596, 
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FIGURE 2-16 Continental Hotspots

This shaded relief map of the Snake River Plain shows the outlines 
of ancient resurgent calderas leading northeast to the present-day 
Yellowstone caldera. Caldera ages are shown in millions of years 
before present.
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FIGURE 2-17 Continents Once Fit Together

Before continental drift a few hundred million years ago, the 
continents were clustered together as giant supercontinent 
Pangaea. The Atlantic Ocean had not yet opened. The continents 
match almost perfectly at the continental shelves, which are part 
of the continents. Some distinctive fossils and mountain ranges lie 
in belts across the Atlantic and Indian oceans.
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 Abraham Ortelius, a Dutch mapmaker, noted the similar-
ity of the shapes of those coasts and suggested that Africa 
and South America were once connected and had since 
moved apart. In 1912, Alfred Wegener detailed the available 
evidence and proposed that the continents were originally 
part of one giant supercontinent that he called Pangaea 
(FIGURE 2-17). Wegener noted that the match between the 
shapes of the continents is especially good if we use the real 
edge of the continents, including the shallowly submerged 
continental shelves. 

To test this initial hypothesis, Wegener searched for con-
nections between other aspects of geology across the Atlan-
tic Ocean: mountain ranges, rock formations and their ages, 
and fossil life forms. Continued work showed that ancient 
rocks, their fossils, and their mountain ranges also matched 
on the other side of the Atlantic. This analysis is similar to 
what you would use to put a jigsaw puzzle together; the 
pieces fit and the patterns match across the reconnected 
pieces. With confirmation of former connections, he hypoth-
esized that the continents had moved apart; North and South 

M
od

if
ie

d 
fr

om
 G

ar
ri

so
n

Copyright 2017 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



 Plate Tectonics and Physical Hazards  29

yet many of these areas now have warm to tropical climates. In 
addition, the remains of fossils that formed in warm climates 
are found in areas such as Antarctica and the present-day  
Arctic: coal with fossil  impressions of tropical leaves, the dis-
tinctive fossil fern Glossopteris, and coral reefs.

Despite this evidence, many scientists rejected  Wegener’s 
whole hypothesis because they could show that his pro-
posed mechanism was not physically possible. English geo-
physicist Harold Jeffreys argued that the ocean floor rocks 
were far too strong to permit the continents to plow through 
them. Others who were willing to consider different possibili-
ties eventually came up with a mechanism that fit all of the 
available data.

The first step in understanding how the continents were 
separating was to learn more about the topography of the 
ocean floor, what it looked like, and how old it was. Ocean-
ographers from Woods Hole Oceanographic Institution in 
Massachusetts, who were measuring depths from all over 
the Atlantic Ocean in the late 1940s and 1950s, found an 
immense mountain range down the center of the ocean, 
extending for its full length—a mid-oceanic ridge. Later, 
scientists recognized that most  earthquakes in the Atlantic 
Ocean were concentrated in that central ridge.

Although the anti-continental drift group dominated the 
scientific literature for years, in 1960 Harry Hess of  Princeton 
University conjectured that the ocean floors acted as giant 
conveyor belts carrying the continents. Hess calculated the 
spreading rate to be approximately 2.5 cm (1 in.) per year 
across the Mid- Atlantic Ridge. If that  calculation was correct, 
the whole  Atlantic Ocean floor would have been created in 
about 180  million years.

Confirmation of seafloor spreading finally came in the 
mid-1960s through work on the magnetic properties of ocean 
floor rocks. We are all aware that Earth has a  magnetic field 
because a magnetized compass needle points toward the north 
magnetic pole. Slow convection currents in Earth’s molten 
nickel-iron outer core are believed to generate that magnetic 
field (FIGURE 2-19).  Because of changes in those currents, this 
field reverses its north–south orientation every 10,000 to several 
million years (every 600,000 years on average).

The ocean floor consists of basalt, a dark lava that erupted 
at the mid-oceanic ridge and solidified from molten magma. 
Iron atoms crystallizing in the magma orient themselves 
like tiny compass needles, pointing toward the north mag-
netic pole. As a result, the rock is slightly magnetized with 
an orientation like the compass needle. When the magnetic 
field reverses, that reversed magnetism is frozen into rocks 
when they solidify. A compass needle at the equator remains 
nearly horizontal but one at the north magnetic pole points 
directly down into Earth. At other latitudes in between, the 
needle points more steeply downward as it approaches the 
poles. Thus we can tell the latitude at which the rock formed 
when it solidified by the inclination of its magnetism. 

British oceanographers Frederick Vine and Drummond 
Matthews, studying the magnetic properties of ocean-
floor rocks in the early 1960s, discovered a striped pattern 

America separated from Europe and Africa, widening the 
Atlantic Ocean in the process. He suggested that the conti-
nents drifted through the oceanic crust, forming mountains 
along their leading edges. This hypothesis, called continental  
drift, remained at the center of the debate about large-scale 
Earth movements into the 1960s.

As research has continued, other lines of evidence  
supported the continental drift hypothesis. Exposed surfaces 
of ancient rocks in the southern parts of Australia, South 
America, India, and Africa show grooves carved by immense  
areas of continental glaciers (FIGURE 2-18). The grooves show 
that glaciers with embedded rocks at their bases may have 
moved from Antarctica into India, eastern South America, 
and Australia. The rocks were once buried under glacial ice, 

FIGURE 2-18 Glaciation in Warm Areas

A. Continental masses of the southern hemisphere appear 
to have been parts of a supercontinent 300 million years ago, 
from which a continental ice sheet centered on Antarctica 
spread outward to cover adjacent parts of South America, 
Africa, India, and Australia. After separation, the continents 
migrated to their current positions. B. The inset photo shows 
glacial grooves in Torres del Paine, Chile, part of the largest 
remaining ice field in South America.
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prevailing notion that the ocean floor was extremely old. In 
contrast, rocks from deep parts of the ocean floor far from 
the ridge were consistently much older (up to 180 million 
years) (FIGURE 2-21).

All of this evidence supports the modern theory of plate 
tectonics, the big picture of Earth’s plate movements. We 
now know that the world’s landmasses once formed one 
 giant supercontinent, called Pangaea, 225 million years ago. 
As the seafloor spread, Pangaea began to break up, and the 
plates slowly moved the continents into their current posi-
tions (FIGURE 2-22).

As it turns out, Wegener’s hypothesis that the continents 
moved apart was confirmed by the data, although his 
assumption that they plowed through the ocean was not. 
The evolution of this theory is a good example of how the 
scientific method works.

The scientific method is based on logical analysis of 
data to solve problems. Scientists make observations and 
develop tentative explanations—that is, hypotheses—for 
their observations. A hypothesis should always be testable, 
because science evolves through continual testing with new 
observations and experimental analysis. Alternate hypothe-
ses should be developed to test other potential explanations 
for observed behavior. If observations are inconsistent with 
a hypothesis, it can either be rejected or revised. If a hypoth-
esis continues to be supported by all available data over a 

parallel to the mid-oceanic ridge ( FIGURE 2-20). Some of 
the stripes were strongly  magnetic; adjacent stripes were 
weakly magnetic. They realized that the magnetism was 
stronger where the rocks  solidified while Earth’s magne-
tism was oriented parallel to the present-day north mag-
netic pole. Where the rock magnetism was pointing toward 
the south magnetic pole, the recorded magnetism was 
weak—it was partly canceled by the present-day mag-
netic field. Because it reversed from time to time, Earth’s  
magnetic field imposed a pattern of magnetic stripes as the 
basalt solidified at the ridge. As the ridge spread apart, ocean 
floor formed under alternating periods of north- versus south-
oriented magnetism to create the matching striped pattern 
on opposite sides of the ridge.

These magnetic anomalies provide the relative ages 
of the ocean floor; their mapped widths match across the 
ridge, and the rocks are assumed to get progressively older 
as they move away from mid-oceanic ridges. Determina-
tion of the true ages of ocean-floor rocks eventually came 
from drilling in the deep-sea floor by research ships of the 
Joint Oceanographic Institutions for Deep Earth Sampling 
(JOIDES), funded by the National Science Foundation. The 
ages of basalts and sediments dredged and drilled from 
the ocean floor showed that those near the Mid-Atlantic 
Ridge were young (up to 1 million years old) and had only 
a thin coating of sediment. Both results  contradicted the 
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FIGURE 2-19 Earth’s Magnetic Field

A. The shape of Earth’s magnetic field suggests the presence of a huge bar magnet in Earth’s core. But instead of  
a magnet, Earth’s rotation is thought to cause currents in the liquid outer core. Those currents create a magnetic field  
in a similar way in which power plants generate electricity when steam or falling water rotates an electrical conductor 
in a magnetic field.  B. Metal filings align with the magnetic field lines from this “bar magnet”.
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FIGURE 2-20  Magnetic Record of Ocean-Floor 
Spreading

The magnetic polarity, or orientation, across the Juan de Fuca 
Ridge in the Pacific Ocean shows a symmetrical pattern, as 
shown in this regional survey (a similar nature of stripes exists 
along all spreading centers). Basalt lava erupting today records 
the current northward-oriented magnetism right at the ridge; 
basalt lavas that erupted less than 1 million years ago recorded 
the reversed, southward-oriented magnetic field at that 
time. The south-pointing magnetism in those rocks is largely 
canceled out by the present-day north-pointing magnetic field, 
so the ocean floor shows alternating strong (north-pointing) 
and weak (south-pointing) magnetism in the rocks.
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Ocean-floor ages are determined by their magnetic patterns.  
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The supercontinent Pangaea broke up into individual continents starting approximately 225 million years ago.
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long period of time, and if it can be used to predict other 
aspects of behavior, it becomes a theory.

After a century of testing, Wegener’s initial hypothesis of 
continental drift was modified to be the foundation for the 
modern theory of plate tectonics. Plate tectonics is supported 
by a large mass of data collected over the last century.  Modern 
data continue to support the concept that plates move, sub-
stantiate the mechanism of new oceanic plate generation 
at the mid-oceanic ridges, and support the concept of plate 
destruction at oceanic trenches. This theory is a fundamental 
foundation for the geosciences and important for understand-
ing why and where we have a variety of major geologic haz-
ards, such as earthquakes and volcanic eruptions.

Copyright 2017 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



32 CHAPTER 2

Chapter Review

Key Points

Earth Structure and Plates

 ■ Earth is made up of an inner and outer core, 
surrounded by a thick mantle and covered by a 
much thinner crust. The crust and stiff outer part of 
the underlying mantle is called the lithosphere. The 
inner, hotter region is the asthenosphere. FIGURE 2-1.

 ■ The concept of isostacy explains why the lower-
density continental rocks stand higher than the 
higher-density ocean-floor rocks and sink deeper 
into the underlying mantle. This behavior is 
analogous to ice (lower density) floating higher 
in water (higher density). FIGURE 2-2 and By the 

Numbers 2-1.

 ■ A dozen or so nearly rigid lithospheric plates make 
up the outer 60 to 200 km of Earth. They slowly slide 
past, collide with, or spread apart from each other. 
FIGURES 2-3 and 2-4.

Hazards and Plate Boundaries

 ■ Much of the tectonic action, in the form of 
earthquakes and volcanic eruptions, occurs near 
the boundaries between the lithospheric plates. 
FIGURES 2-5 and 2-6.

 ■ Where plates diverge from each other, new 
lithosphere forms. If the plates are continental 
material, a continental rift zone forms.  As this 
process continues, a new ocean basin can develop, 
and the spreading continues from a mid-oceanic 
ridge, where basaltic magma pushes to the surface. 
FIGURES 2-7 to 2-10.

 ■ Subduction zones, where ocean floors slide beneath 
continents or beneath other slabs of oceanic 
crust, are areas of major earthquakes and volcanic 
eruptions. These eruptions form volcanoes on the 
overriding plates. FIGURES 2-11 and 2-12.

 ■ Continent–continent collision zones, where two 
continental plates collide, are regions with major 

earthquakes and the tallest mountain ranges on 
Earth. FIGURE 2-13.

 ■ Transform faults involve two lithospheric plates 
sliding laterally past one another.  Where these 
faults cross continents, such as along the San 
Andreas Fault through California, they cause major 
earthquakes. FIGURE 2-14.

 ■ Hotspots form chains of volcanoes within 
individual plates rather than near plate 
boundaries. Because lithosphere is moving over 
hotspots fixed in Earth’s underlying asthenosphere, 
hotspots grow as a trailing track of progressively 
older extinct volcanoes.  
FIGURES 2-15 and 2-16.

Development of a Theory

 ■ The hypothesis of continental drift was supported 
by matching shapes of the continental margins 
on both sides of the Atlantic Ocean, as well as the 
rock types, deformation styles, fossil life forms, 
and glacial patterns. FIGURES 2-17 and 2-18.

 ■ Continental drift evolved into the modern theory 
of plate tectonics based on new scientific data, 
including the existence of a large ridge running 
the length of many deep oceans, matching 
alternating magnetic stripes in rock on opposite 
sides of the oceanic spreading ridges, and age 
dates from oceanic rocks that confirmed a 
progressive sequence from very young rocks 
near the rifts to older oceanic rocks toward the 
continents. FIGURES 2-19 to 2-22.

 ■ The scientific method involves developing tentative 
hypotheses that are tested by new observations and 
experiments, which can lead to confirmation or 
rejection of the hypothesis.

 ■ When hypotheses are confirmed by multiple 
sources of data over a long time, they become a 
theory—a widely accepted scientific fact.
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Questions for Review
1. Describe differences between Earth’s crust, lithosphere, 

asthenosphere, and mantle.

2. What does oceanic lithosphere consist of and how 
thick is it?

3. What are the main types of lithospheric plate boundar-
ies described in terms of relative motions? Provide a 
real example of each (by name or location).

4. Why does oceanic lithosphere almost always sink 
 beneath continental lithosphere at convergent zones?

5. Along which type(s) of lithospheric plate boundary are 
large earthquakes common? Why?

6. Along which type(s) of lithospheric plate boundary are 
large volcanoes most common? Provide an example.

7. What direction is the Pacific Plate currently moving, 
based on FIGURE 2-15? How fast is this plate moving?

8. Before people understood plate tectonics, what 
 evidence led some scientists to believe in continental 
drift?

9. If the coastlines across the Atlantic Ocean are spread-
ing apart, why isn’t the Atlantic Ocean deepest in its 
center?

10.  What evidence confirmed seafloor spreading?

11.  Why are high volcanoes such as the Cascades found 
on the continents and in a row parallel to the continen-
tal margin?

12. Explain how the modern theory of plate tectonics 
developed in the context of the scientific method.

13.  How does the height of a mountain range compare 
with the thickness of the crust or lithosphere below the 
mountain? Relate this to the percentage of an iceberg 
above the water line.

Critical Thinking Questions
1. Explain the role of Earth material densities with respect 

to Earth’s features such as mountains and mid-oceanic 
ridges. For example, why is the top of basaltic crust 
below sea level while the surface of granitic crust is 
generally above sea level?

2. The Basin and Range region of Nevada and Utah is a 
continental spreading zone. Because it is pulling apart, 
why isn’t its elevation low, rather than as high  
as it is? Why isn’t it an ocean?

3. The scientific community initially rejected  Wegener’s 
hypothesis of continental drift and remained  skeptical 
for decades. Does skepticism help or hinder scientific 
progress?

4. In common usage,  hypothesis often indicates a guess 
or hunch, whereas a scientific theory is based in evi-
dence tested over a long time and is considered to be 
scientific fact. What other scientific issues have caused 
broad debate in social and political culture? Are they 
well-supported scientific theories or just hypotheses?
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■ A cellar worker at Kieu 
Hoang Winery in Napa tallies 
damage after the earthquake. 

3 Earthquakes  
and Their Causes
Public Ignorant of Bay 
Area Earthquake Risk 

I
n 2005, residents in California’s wine country, some 110 km north of San Francisco, 

remarked to us that “we only get a few small quakes here, nothing to worry about.” 

The individuals we talked to lacked critical information about the region’s earthquake 

risk. Although the San Andreas Fault is approximately 40 km (25 mi) to the west, Napa 

and Sonoma Valleys are dissected by two active faults, which together have higher risk of 

large earthquakes than the main San Andreas Fault in the region. At 3:20 a.m. on August 

24, 2014, Napa was rocked by a magnitude 6 earthquake. Although the loss of life was low, 

the economic damages were significant, including loss of wine from many of the producers 

in the area who did not adequately secure their barrels and bottles (Case in Point: Recent  

San Francisco Bay Earthquakes, 1989 and 2014, Chapter 4, p. 85).
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Faults and Earthquakes
To understand why earthquakes happen, remember that the 
plates of Earth’s crust move, new crust forms, and old crust 
sinks into subduction zones. These movements give rise to 
earthquakes, which form along faults, or ruptures, in Earth’s 
crust. Faults are simply fractures in the crust along which rocks 
on one side of the break move past those on the other. Faults 
are measured according to the amount of displacement along 
the fractures. Over several million years, for example, the rocks 
west of the San Andreas Fault of California have moved at least 
450 km north of where they started. Thousands of other faults 
have moved much less than 1 km in the same period.

Some faults produce earthquakes when they move; oth-
ers produce almost none. Some faults have not moved for 
such a long time that we consider them inactive; others are 
clearly still active and potentially capable of causing earth-
quakes. Earthquakes are common in the mountainous west-
ern parts of North America, where the rocks are deformed 
into complex patterns of faults and folds. Active faults are 
rare in regions such as the American Midwest and central 
Canada, where the continental crust has been stable for hun-
dreds of millions of years. Such stable regions contain many 
faults that geologists have yet to recognize. Some of these 
first announce their presence when they cause an earth-
quake; others are marked by the line of a recent break near 
the base of a mountainside called a fault scarp.

Types of Faults
Faults can be classified according to the way the rocks 
on  either side of the fault move in relation to each other 
( FIGURE 3-1). Normal faults move on a steeply inclined 
surface. Rocks above the fault surface slip down and over 
the rocks beneath the fault. Normal faults move when 
Earth’s crust pulls apart, during crustal extension. Reverse 
faults move rocks on the upper side of a fault up and over 
those  below. Thrust faults are similar to reverse faults, but 
the fault surface is more gently inclined. When thrust faults 
don’t break the surface, they are called blind thrusts. 
Blind thrusts are dangerous because they often remain 
unknown until they cause an earthquake (Case in Point: 
A Major Earthquake on a Blind Thrust Fault—Northridge 
Earthquake, California, 1994). Reverse and thrust faults 
move when Earth’s crust is pushed together, during crustal 
 compression.  Strike-slip faults move horizontally as rocks 
on one side of a fault slip laterally past those on the other 
side. If rocks on the far side of a fault move to the right, it is 
a right-lateral fault. If they moved to the left, it would be a 
left-lateral fault.

The orientations of rock layers and faults are described in 
terms of strike and dip. Strike is the compass orientation of a 
horizontal line on a rock surface. Dip is the inclination angle 
(perpendicular to the strike direction) down from horizontal 
to the rock surface (FIGURE 3-2).

Reverse/thrust fault Strike-slip faultNormal fault

Fault scarp
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FIGURE 3-1 Types of Fault Movement 

A. A normal fault near Challis, Idaho, moved 
in the 1983 earthquake. The rock mass above 
the fault slipped downward relative to the 
mass below.

B. A small thrust fault (reverse fault 
movement, where one slab of rock moves 
up and over another, see arrows) east of 
Vail, Colorado. 

C. A strike-slip (lateral slip) fault offset 
the road after the Landers earthquake in 
California.
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The earthquake commission hypothesized that as 

Earth’s crust moved, the rocks on opposite sides of the 

fault had bent, or deformed, instead of slipping, over 

many years. As the rocks on opposite sides of the fault 

bent, they accumulated energy. When the stuck segment 

of the fault finally slipped, the bent rocks straightened 

with a sudden snap, releasing energy in the form of an 

earthquake ( FIGURE 3-3). Imagine pulling a bow taut, 

bending it out of its normal shape, and then releasing it. 

It would snap back to its original shape with a sudden 

release of energy capable of sending an arrow flying. This 

explanation for earthquakes, called the  elastic rebound 
theory, has since been  confirmed by rigorous testing.

We now know enough about the behavior of rocks in 

response to stress to explain why faults either stick or slip. 

We think of rocks as brittle solids, but rocks are elastic, like 

a spring, and can bend when a force is applied. We use the 

term stress to refer to the forces imposed on a rock and 

strain to refer to the change in shape of the rock in  response 

to the imposed stress. The larger the stress applied, the 

greater the strain.

Rocks deform in broadly consistent ways in response to 

stress. Typical rocks will deform elastically under low stress, 

which means that they revert to their former shape when the 

applied force is relieved. At higher stress, these rocks will 

deform plastically, which means they permanently change 

shape or flow when forces are applied. Deformation experi-

ments show that most rocks near Earth’s surface, where 

they are cold and not under much pressure from overlying 

rocks, deform elastically when affected by small forces. 

 Under other conditions, such as deep in Earth where they 

are hot and under high pressure imposed by the overlying 

load of rocks, it is much more likely that rocks will deform 

plastically.

Rocks can bend, but they also break if stretched too 

far. In response to smaller stresses, rocks may merely 

bend, while in response to large stresses, they fracture or 

break. As stress levels increase, rocks ultimately succumb 

to brittle failure, causing fault slippage during an earth-

quake (FIGURE 3-4). Under these conditions, a fault may 

Causes of Earthquakes
At the time of the great San Francisco earthquake of 

1906, the cause of earthquakes was a complete mys-

tery. The governor of California at the time appointed a 

commission to ascertain the cause of earthquakes. The 

director of this commission, Andrew C. Lawson, was a 

distinguished geologist and one of the most colorful per-

sonalities in the history of California. Lawson and his  

students at the University of California (UC)– Berkeley 

had already recognized the San Andreas Fault and 

mapped large parts of it, but until the 1906 event they 

had no idea that it could cause earthquakes. During their 

investigation, members of the commission found numer-

ous places where roads, fences, and other structures 

had broken during the 1906 earthquake just where they 

crossed the San Andreas Fault. In every case, the side 

west of the fault had moved north as much as 7 m (23 ft).  

That led to the theory of how fault movement causes 

earthquakes.

Dip angle

Strike

orientation

FIGURE 3-2 Strike and Dip

In this example, the strike orientation is about 30o west of north (if 
north is parallel to the edge of the photo). The dip is 45o down from 
a horizontal plane to the surface of the rock layer.
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(a) Original position (c) Rupture and release of energy(b) Deformation (d) Rocks rebound to original
undeformed shape

Fault

Fence

FIGURE 3-3 Elastic Rebound Theory

Rocks near a fault (a) are slowly deformed elastically (b) until the fault breaks during an earthquake (c), when the rocks on each side slip 
past each other, relieving the stress. After the earthquake the rocks regain their original, undeformed shape, but in a new position (d).
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particular fault generally depends on the total fault length, 
or the longest segment of the fault that typically ruptures.

This relationship between fault-segment length and 
 earthquake size puts a theoretical limit on the size of 
an earthquake at a given fault. A short fault only a few 
 kilometers long can have many small earthquakes but 

begin to fail, with smaller slips, called foreshocks, preced-
ing the main earthquake. It then continues to adjust with 
smaller slips called aftershocks after the event. In a few 
cases aftershocks can be large and devastating. About  
7 weeks after the magnitude 7.8, 2015 earthquake in Nepal 
that killed almost 9000 people, a magnitude 7.3 aftershock 
killed an additional 218.

When brittle failure occurs, rocks break in a predictable 
direction. Deformation of a rock by compression generally 
results in slippage diagonal to the direction of compres-
sion (By the Numbers 3-1: Compression and Rock Shear). 
In F igure 3-1A, for example, Earth’s gravity is pulling 
straight down, but the rock breaks along a dipping fault. 
Along a fault, differential plate motions apply stresses con-
tinuously. Because those plate motions do not stop, elas-
tic deformation progresses to plastic deformation within 
meters to kilometers of the fault, and the fault finally rup-
tures in an earthquake. When stress on a section of a fault 
 releases as slippage during a large earthquake, some of 
that stress is often transferred to increasing stress on a part 
of the fault beyond the slip zone or to adjacent faults. That 
makes those adjacent areas more prone to slip than they 
were before.

The orientation of movement along a fault can often be 
determined from surface scratches—slickensides—imposed 
by sliding of one surface of the fault against the other  
(FIGURE 3-5).

The size of an earthquake is related to the amount 
of movement on a fault. The displacement, or offset, 
is the distance of movement across the fault, and the 
 surface  rupture length is the total length of the break 
( FIGURE  3-6). The largest earthquake expected for a 
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FIGURE 3-4 Stress and Strain

With increasing stress, a rock deforms elastically, then plastically, 
before ultimately failing or breaking in an earthquake.  
A completely brittle rock fails at its elastic limit. 

FIGURE 3-5 Slickensides

Scratches on a fault surface in the French Alps (horizontal in this 
photo) indicate movement orientation. 
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By the Numbers 3-1

Compression and Rock Shear

Experimental study of compression of a cylinder of rock from the top 

and bottom breaks the rock on diagonal shear planes. Shear is gener-

ally on one plane only, as shown by the red line. The maximum principal 

stress is σ
1
.

σ1 σ1

σ1 σ1

Compression

of a brittle rock

causes it to

break along a

diagonal fault.
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