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The new revised fifth edition of Natural Hazards re-
mains the go-to introductory-level survey intended for
university and college courses that are concerned with
earth processes that have direct, and often sudden and
violent, impacts on human society. The text integrates
principles of geology, hydrology, meteorology, clima-
tology, oceanography, soil science, ecology, and solar
system astronomy.

The textbook explains the earth processes that drive
hazardous events in an understandable way, illustrates
how these processes interact with our civilization, and
describes how we can better adjust to their effects.
Written by leading scholars in the area, the new edition
of this book takes advantage of the greatly expanding
amount of information regarding natural hazards, di-
sasters, and catastrophes. The text is designed for learn-
ing, with chapters broken into small consumable
chunks of content for students. Each chapter opens
with a list of learning objectives and ends with revision
as well as high-level critical thinking questions. A
Concepts in Review feature provides an innovative
end-of-chapter section that breaks down the chapter

content by parts: reviewing the learning objectives,
summary points, important visuals, and key terms. New
case studies of hazardous events have been integrated
into the text, and students are invited to actively apply
their understanding of the five fundamental concepts
that serve as a conceptual framework for the text.
Figures, illustrations, and photos have been updated
throughout.

The book is designed for a course in natural hazards
for nonscience majors, and a primary goal of the text is
to assist instructors in guiding students who may have
little background in science to understand physical
earth processes as natural hazards and their conse-
quences to society.
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Preface

Natural Hazards: Earth Processes as Hazards, Disasters,
and Catastrophes, Fifth Edition, is an introductory-level
survey intended for university and college courses that
are concerned with earth processes that have direct, and
often sudden and violent, impacts on human society.
The text integrates principles of geology, hydrology,
meteorology, climatology, oceanography, soil science,
ecology, and solar system astronomy. The book is
designed for a course in natural hazards for nonscience
majors, and a primary goal of the text is to assist instruc-
tors in guiding students who may have little background
in science to understand physical earth processes as
natural hazards and their consequences to society.

In revising the fifth edition of this book we take
advantage of the greatly expanding amount of informa-
tion regarding natural hazards, disasters, and catastro-
phes. Since the fourth edition was published, many
natural disasters and catastrophes have occurred.
Becoming the wettest tropical cyclone in U.S. recorded
history, Hurricane Harvey in 2017 produced peak accu-
mulations of rainfall of more than 1.5 m (~60 in.) over a
three-day period causing catastrophic flooding in the
Houston metropolitan area; earthquakes killed more
than 8,000 people in Nepal in 2015, and were responsible
for widespread destruction in Mexico in 2017; wildfires
in northern and southern California in 2017 destroyed
more than 7,000 buildings and killed 46 people; and the
deadliest U.S. landslide on record
killed 43 people in Washington
state in 2014. Most of these disas-
ters have a common denominator—
they were not unexpected and the
effects of these catastrophes could

primarily the burning of fossil fuels, which releases vast
quantities of carbon dioxide and other gases into the at-
mosphere each day. The interactdon between humans
and earth processes has never been clearer, nor has the
need for understanding these processes as hazards for our
economy and society ever been greater. This edition of
Natural Hazards seeks to explain the earth processes that
drive hazardous events in an understandable way, illus-
trate how these processes interact with our civilization,
and describe how we can better adjust to their effects.

A central thesis to this text is that we must first
understand that earth processes are not, in and of them-
selves, hazards. Earthquakes, floods, volcanic eruptions,
wildfires, and other processes have occurred for
millennia, indifferent to the presence of people. Natural
processes become hazards when they impact humanity.
Ironically, it is human behavior that often causes the
interactions with these processes to become disasters
or, worse, catastrophes. Most important is the unprec-
edented increase in human population in the past
50 years linked to poor land-use decisions.

In addition to satisfying a natural curiosity about
hazardous events, there are additional benefits to study-
ing natural hazards. An informed citizenry is one of our
best guarantees of a prosperous future. Armed with in-
sights into linkages between people and the geologic
environment, we will ask better questions and make

the B fundamental concepts

have been minimized had the popu-
lation been better prepared and the
warnings from the scientific com-
munity been heeded. In other
words, they were largely, in terms of
lives lost and property damaged,
disasters caused by humans.

On a global scale, climate change
is causing glaciers, ice caps, and per-
mafrost to melt; the atmosphere
and oceans to warm; and sea levels
to rise more rapidly than ori-
ginally forecast. These changes are
caused in part by human activities,
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Science helps us predict hazards.

Natural hazards, such as earth-
quakes, volcanic eruptions,
landslides, and floods, are natural
processes that can be identified and
studied using the scientific method.
Most hazardous events and
processes can be monitored and
mapped, and their future activity
predicted, on the basis of frequency
of past events, patterns in their
occurrence, and types of precursor
events.

2]

Knowing hazard risks can help
people make decisions.

Hazardous processes are amenable to
risk analysis, which estimates the prob-
ability that an event will occur and the
consequences resulting from that event.
For example, if we were to estimate
that in any given year, Los Angeles

has a 5 percent chance of a moderate
earthquake, and if we know the conse-
quence of that earthquake in terms of
loss of life and damage, then we can
calculate the potential risk to society.
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better choices. On a local level we will be better pre-
pared to make decisions concerning where we live and
how best to invest our time and resources. On a na-
tional and global level we will be better able to advise
our leaders on important issues related to natural haz-

ards that impact our lives.

Major New Material in the

Fifth Edition

The fifth edition benefited greatly from feedback from
instructors using the previous edition, and many of the
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conceptual framework for the text. We then close each
chapter by recapping this hazard story and, through
assessment, invite the students to actively apply their
understanding of the five fundamental concepts.

= Current hazard coverage on the Tohoku, Japan earth-
quake and tsunami in 2011, Hurricane Sandy in New
Jersey and New York City in 2012, the tornado in
Moore, Oklahoma in 2013, historic flooding in Hous-
ton in 2017, and the 2017 fire season in California.

= New in-chapter case studies and chapter openers
that highlight hazardous events have been inte-
grated into the text, providing coverage of the most
recent natural disasters on earth.

changes reflect their thoughtful reviews. New material | ® Updated art program showcases new figures,

for the fifth edition includes the following:

= Active, Modular Learning Path. The fifth
edition of Natural Hazards is designed for learning
with each chapter broken into smaller, more
consumable, chunks of content for students. Each
chapter opens with a list of learning objectives
and students can check their mastery of these
objectives with new Check Your Understanding
questions at the end of each section. Each chapter
concludes with a new Concepts in Review section:
an innovative end-of-chapter section that breaks
down the chapter content by section—reviewing
the learning objectives, summary points, important
visuals, and key terms. All chapters end with high-
level critical thinking questions.

= Applying the Fundamental Concepts. Every
chapter begins with a captivating hazard story that
applies the five fundamental concepts that serve as a

Linkages exist between natural
hazards.

Hazardous processes are linked in
many ways. For example, earth-
quakes can produce landslides and
giant sea waves called tsunamis,
and hurricanes often cause flooding
and coastal erosion.

o

Humans can turn disastrous
events into catastrophes.

The magnitude, or size, of a hazard-
ous event as well as its frequency,
or how often it occurs, may be
influenced by human activity. As a
result of increasing human popula-
tion and poor land-use practices,
events that used to cause disasters
are now often causing catastro-
phes.

illustrations, and photos throughout. Each image
has been reviewed for accuracy and relevance,
focusing on its educational impact.

Distinguishing Features of the
Fifth Edition

We have incorporated a number of features designed to
support the student and instructor.

A BALANCED APPROACH

Although the interest of many readers will naturally fo-
cus on natural hazards that threaten their community,
state, or province, the globalization of our economy,
information access, and human effects on our planet
require a broader, more balanced approach to the study

5

Consequences of hazards can be
minimized.

Minimizing the potential adverse
consequences and effects of natural
hazards requires an integrated
approach that includes scientific
understanding, land-use planning
and regulation, engineering, and
proactive disaster preparedness.
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of natural hazards. A major earthquake in Taiwan af-
fects trade in the ports of Seattle and Vancouver; the
economy of Silicon Valley in California affects the price
of computer memory in Valdosta, Georgia, and Halifax,
Nova Scotia. Because of these relationships, we provide
examples of hazards from throughout the United States
as well as throughout the world.

This book discusses each hazardous process as both
a natural occurrence and a human hazard. For example,
the discussion of earthquakes balances the description
of their characteristics, causes, global distribution, esti-
mated frequency, and effects with a description of engi-
neering and nonstructural approaches to reduce their
effects on humans, including actions that communities
and individuals can take.

The five concepts introduced in Chapter 1 and
revisited in every chapter are designed to provide a
memorable, transportable, and conceptual framework
of understanding that students can carry with them
throughout their lives to make informed choices about
their interaction with and effect upon earth processes.

CASE STUDIES: SURVIVOR STORIES,
PROFESSIONAL PROFILES, AND
CLOSER LOOKS

Many of the chapters contain personal stories of some-
one who has experienced the effects of a hazardous event,
such as a flood, earthquake, or wildfire, a profile of a sci-
entist or other professional who has worked with a par-
ticular hazard, and Closer Look boxes that use life events
and data to enhance the understanding and comprehen-
sion of not only the hazard but also the mitigation that
coincides with the hazard. Most of us in our lifetimes will
experience (directly or indirectly) a flood, wildfire, volca-
nic eruption, tsunami, or major hurricane, and we are
naturally curious as to what we will see, hear, and feel.
For example, a scientific description of wildfire does not
convey the fear and anxiety when a fire is rushing toward
your home. Likewise, the stream gauge records for the
Rio Grande River do not give us the sense of excitement
and fear felt by Jason Lange and his friends when their
spring-break canoe trip in West Texas nearly turned to
tragedy (see Case Study 6.1: Survivor Story). To fully
appreciate natural hazards we need both scientific
knowledge and human experience. As you read the survi-
vor stories, ask yourself what you would do in a similar
situation, especially once you more fully understand the
hazard. Knowledge from reading this book could save
your life someday, as it did for Tilly Smith and her family
on the beach in Phuket, Thailand, during the Indian
Ocean tsunami (see Case Study 4.2: Indonesian Tsunami).

People study and work with natural hazards for many
reasons—scientific curiosity, monetary reward, excite-
ment, or the desire to help others deal with events that
threaten our lives and property. As you read the

professional profiles, think about these people’s motiva-
tion, the type of work that they do, and how that work
contributes to increasing human knowledge or to saving
people’s lives and property. For example, for many years
Bob Rasely worked as a geologist with the U.S. Natural
Resources Conservation Service studying what happens
to hillslopes after wildfires in Utah (see Case Study 7.5:
Professional Profile). For Bob, geology had long been
both a vocation and an avocation. He maintains an intel-
lectual curiosity as to how Earth works and a practical
goal of predicting the likelihood and location of debris
flows following a fire. Working with other state and
federal scientists, Bob develops plans for hillslope recov-
ery and helps communities downslope from burned land
establish warning systems to protect lives and property.
Nearly all the survivor stories and professional profiles
are based on interviews conducted exclusively for Nazural
Hazards by Kathleen Wong, a science writer from
Oakland, California, and Chris Wilson, a former

journalism student at the University of Virginia.

For the Instructor

The Instructor Resource Center provides a collection
of resources to help teachers make efficient and effec-
tive use of their time. All digital resources can be found
in one well-organized, easy to access place. The IRC
(download only) includes:

= Pre-authored Lecture Outline PowerPoint
presentations, which outline the concepts of each
chapter with embedded art and can be customized
to fit instructors’ lecture requirements

= The test bank includes over 1,000 multiple-choice,
true/false, and short-answer test questions on the
science of natural hazards and their effects on the
world and humankind. Questions are correlated
against chapter-specific learning outcomes and
Bloom’s Taxonomy to help teachers better map the
assessments against both broad and specific teach-
ing and learning objectives. TestGen software for
both PC and Mac.

The Instructor Resource content is available online
at www.routledgetextbooks.com/textbooks/ 978113805
7227 /#instructors.

For the Student

This title has recently been acquired by Taylor &
Francis. Due to rights reasons, any multimedia re-
sources will not be available from Taylor & Francis.
Mastering Geology incorporating Hazard City will still
be available for purchase from Pearson.
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Nearly 190,000 homes were
destroyed or damaged,
killing nearly a
quarter of a million
people




Introduction to
Natural Hazards

One of the primary principles emphasized in this book is that, as a
result of increasing human population and poor land-use choices,
what were once disasters are now catastrophes in many cases. Haiti
has been recognized for many years as an environmental catastrophe
waiting to happen. Haiti’s population has increased dramatically in
recent decades, and about 90 percent of this mountainous country
has been deforested (Figure 1.1). The country is extremely vulner-
able to hurricanes and other high-intensity storms, causing frequent
runoff flooding and landslides on bare slopes. Haiti is also vulnerable
to large earthquakes, with three major earthquakes occurring there
since 1750.

On January 12, 2010, an earthquake killed more than 200,000
Haitians and injured over 300,000 more. This was an appalling loss of
life for an earthquake of magnitude 7.0 (see chapter-opener photo-
graph). For example, the magnitude 7.1 Loma Prieta earthquake that
struck the San Francisco area in 1989 caused 63 deaths and injured
about 4,000. Why did two earthquakes of about the same magnitude
cause such vastly different casualty counts?'?

The poorest country in the Western Hemisphere, Haiti's annual
income per person is only a small fraction of that in the United
States. Two years before the 2010 earthquake, within a span of about
a month, four tropical storms and hurricanes struck in 2008. Land
denuded of trees responded quickly to torrential downpours, and
hillslopes went crashing into homes. By September 2008 when a
hurricane hit, Haiti was devastated. Nearly 800 people had died, and
much of the country’s harvest of food crops had been destroyed.

The situation was grim.

< Collapsed buildings in Port-au-Prince, capital of Haiti, resulting from
the January 12, 2010, earthquake that killed more than 200,000 people. The
extensive damage and loss of life were in part a result of the high population
density in the capital and poorly constructed buildings unable to withstand the
earthquake shaking. (Jorge Silva/Reuters)

Natural processes such as volcanic
eruptions, earthquakes, floods,
and hurricanes become hazards
when they threaten human life and
property. As population continues to
grow, hazards, disasters, and catas-
trophes become more common. An
understanding of natural processes
as hazards requires some basic
knowledge of earth science.

After reading this chapter, you
should be able to:
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LO:1 Explain the difference
between a disaster and a
catastrophe.

LO:2 Discuss the role of history in the
understanding of natural hazards.

L0:3 Discuss the components and
processes of the geologic cycle.

LO:4 Apply the scientific method to a
natural hazard of your choice.

L0:5 Synthesize the basics of risk
assessment.

L0O:6 Explain how much of the damage
caused by natural hazards is often related to
decisions people make before, during, and
after a hazardous event.

LO:7 Explain why the magnitude of a
hazardous event is inversely related to its
frequency.

L0:8 Summarize how natural hazards are
linked to one another and to the physical
environment.

L0:9 Give reasons why increasing
population and poor land-use practices
compound the effects of natural hazards
and can turn disasters into catastrophes.

LO:10 Explain how events we view as
hazards provide natural service.

L0:11 Summarize links between climate
change and natural hazards.
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(a)
A FIGURE 1.1 Deforestation in Haiti

(b)

(a) Steep mountain slopes in southern Haiti where trees have been removed to burn and make charcoal as a
cooking fuel. About 30 million trees were planted in the 1980s at a cost exceeding $20 million, paid for with U.S.
aid, but by 2008, nearly all of them had been cut down. Without the trees, soil erosion accelerated, damaging
farmland and making slopes more vulnerable to landslides (especially when linked to earthquake shaking) and
floods (water runs off more quickly and in greater quantities than from forested land). (©Getty Images/Robin
Moore) (b) A small shack at the base of a deforested slope in the same area as (a). There are a few banana trees,
but agricultural opportunity is severely limited by soil erosion. (Julio Etchart/Alamy)

Prior to the earthquake, about 85 percent of the
people in the capital of Port-au-Prince lived in slum
conditions in concrete buildings that could not with-
stand intense earthquake shaking. Half the people did
not have toilets, and only about 30 percent had access
to clean water. When the earthquake struck, nearly
190,000 homes were destroyed or damaged, killing
nearly a quarter of a million people and leaving over
2 million more homeless with poor sanitation and water
quality. In the immediate aftermath of the quake, about
1.5 million people lived in camps exposed to storms
and flooding.® The city was covered in 19 million cubic
meters (25 million cubic yards) of rubble and other de-
bris (enough to fill about 4 million dump trucks) where
homes, government buildings, and schools once stood.
The result was a humanitarian disaster with too many
untreated injuries, too little food, and a predictable out-
break of infectious diseases, including cholera (causing
nearly 6,000 deaths) and diarrhea.

Once the damage from the 2010 earthquake was
surveyed, it was found that some buildings that had
not collapsed were evidently designed and built to
withstand earthquakes and had functioned adequately.
If more of the buildings in Haiti had been constructed
properly, incorporating earthquake-resistant design and
construction, there would have been much less damage.
Problems observed ranged from construction of heavy,
unsupported block walls to a lack of rebars (thin steel
rods that strengthen concrete). Concrete that was poorly

compacted and utilized substandard materials, such
as marine sands that corroded more easily than river
sands, was another problem. Because of these poor
construction practices, buildings in Port-au-Prince and
other areas could not withstand the shaking from the
magnitude 7.0 event.*

Thus, the answer to our question of why there
were so many deaths from the earthquake is easy to
find. A very heavy human footprint can be seen in the
catastrophic loss of life. Had the buildings been con-
structed properly, many more lives would have been
spared. If the population of Haiti had not grown so fast,
with so many young people (thousands of schools col-
lapsed during the earthquake), there would have been
fewer deaths.

During the seven years since the earthquake, Haiti
has not recovered, and in October of 2016, Hurricane
Matthew hit the island, killing about 1,000 people and
causing extensive destruction in many communities in
more rural southern Haiti. People killed by the storm
had to be buried in mass graves. A cholera outbreak
occurred as people consumed contaminated water. The
earthquake set the stage for extensive damage and loss
of life as many people were living in poorly constructed
shelters at risk from high winds and flooding. The land
was vulnerable to erosion as a result of deforestation,
and the hurricane destroyed crops and damaged the
ability of the land to produce food.Thus, the cata-
strophic earthquake and lack of recovery rendered the



country more liable to damage from the hurricane in a
cascade of declining conditions.

As Haiti rebuilds with international support, ways
must be found to cost-effectively build the next genera-
tion of structures to better withstand seismic shaking
and the high winds of storms. The consequences of
another damaging earthquake or hurricane is painful to
contemplate. Haiti must be assisted to take appropriate
steps and be proactive in hazard preparation.*

1.1 Why Studying Natural
Hazards Is Important

Since 1995, the world has experienced the deadliest tsu-
nami in recorded history, caused by a massive Indian
Ocean earthquake; another devastating tsunami in Japan
caused by one of the largest and costliest earthquakes in
recorded history; catastrophic flooding in Pakistan,
Venezuela, Bangladesh, Thailand, and central Europe; a
volcanic eruption that shut down international airports
for more than a week; and deadly earthquakes around the
world. At the same time, North America has experienced
catastrophic hurricanes on the Gulf Coast, along the
Atlantic Coast, and in Guatemala and Honduras; record-
setting wildfires in western Canada, Arizona, Colorado,
Utah, California, and the high plains of Kansas and
"Texas; the worst outbreak of tornadoes in U.S. history; a
record-matching series of four hurricanes within six
weeks in Florida and the Carolinas; a paralyzing ice
storm in New England and Quebec; record-setting hail
in Nebraska; and a rapid warming of the climate, espe-
cially (but not limited to) Alaska, northern Canada, and
Arizona. These events are the result of enormous forces
that are at work both inside and on the surface of our
planet. In this book, we will explain these forces, how
they interact with our civilization, and how we can better
adjust to their effects. Although we will describe most of
these forces as natural hazards, we can at the same time be
in awe of and fascinated by their effects.

PROCESSES: INTERNAL AND EXTERNAL

In our discussion of these natural hazards, we will use
the term process to mean the physical, chemical, and bio-
logical ways by which events, such as volcanic erup-
tions, earthquakes, landslides, and floods affect Earth’s
surface. Some of these processes, such as volcanic erup-
tions and earthquakes, are the result of internal forces
deep within Earth. Most of these internal processes are
explained by the theory of plate tectonics, one of the
basic unifying theories in science. In fact, tectonic plates,
large surface blocks of the solid Earth, are mapped by
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identifying zones of earthquakes and active volcanism
(see Chapter 2).

Other processes associated with natural hazards re-
sult from external forces that are at or very near Earth’s
surface. For example, energy from the sun warms
Earth’s atmosphere and surface, producing winds and
evaporating water (see Chapter 9). Wind circulation
and water evaporation are responsible for forming
Earth’s climatic zones and for driving the movement of
water in the hydrologic cycle. These forces are in turn di-
rectly related to hazardous processes, such as violent
storms and flooding, as well as coastal erosion. Still
other external processes, such as landsliding, are the re-
sult of gravity acting on hillslopes and mountains.
Gravity is the force of physical attraction to a mass—in
this case, the attraction of materials on Earth’s surface
to the entire mass of Earth. Because of gravitational at-
traction, objects on hillslopes or along the bed of a river
naturally tend to move downslope. Gravity results in
water that falls as precipitation on mountain slopes,
moving downhill on its way back to the ocean.

Thus, the processes we consider to be hazards result
from natural forces such as the internal heating of
Earth or external energy from the sun. The energy re-
leased by natural processes varies greatly. For example,
the average tornado expends about 1,000 times as much
energy as a lightning bolt, whereas the volcanic erup-
tion of Mount St. Helens in May 1980 expended ap-
proximately a million times as much energy as a
lightning bolt. The amount of solar energy Earth re-
ceives each day is about a trillion times that of a light-
ning bolt. However, it is important to keep in mind that
a lightning bolt may strike a tree, igniting a tremendous
release of energy in a forest fire, whereas solar energy is
spread around the entire globe.

Events such as earthquakes, volcanoes, floods, and
fires are natural processes that have been occurring on
Earth’s surface since long before it was populated by
humans. These natural processes become hazardous
when human beings live or work in their path. We of-
ten use the terms hazard, disaster, and catastrophe to
describe our interaction with these natural processes.

HAZARD, DISASTER, OR CATASTROPHE

A natural hazard is a natural process and event that is a
potential threat to human life and property. The process
and the events themselves are not a hazard but become
so because of human use of the land. A disaster is a haz-
ardous event that occurs over a limited time span within
a defined area. Criteria for a natural disaster are (1) 10 or
more people are killed, (2) 100 or more people are af-
fected, (3) a state of emergency is declared, and (4) inter-
national assistance is requested. If any one of these
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applies, an event is considered a matural disaster’>® A
catastrophe is a massive disaster that requires signifi-
cant expenditure of money and a long time (often years)
for recovery to take place. Hurricane Katrina, which
flooded the city of New Orleans and damaged much of
the coastline of Mississippi in 2005, was the most damag-
ing, most costly catastrophe in the history of the United
States. Recovery from this enormous catastrophe has
taken years and still continues in parts of New Orleans.

Natural hazards affect the lives of millions of people,
and all areas of the United States are at risk from more
than one hazardous Earth process (Figure 1.2). Not
shown in Figure 1.2 are the areas prone to blizzards and
ice storms; the coastlines that have experienced tsuna-
mis during the past century; the areas regularly affected
by wildfires; the regions that have experienced drought,
subsidence, or coastal erosion; or the craters made by
the impacts of asteroids and comets. No area is consid-
ered hazard-free.

From 1996 to 2015, natural disasters such as earth-
quakes, floods, and hurricanes have killed about 1.3 million
people worldwide, an average of about 65,000 people per
year. Earthquakes and tsunamis accounted for 57 percent
of the deaths, storms 18 percent, extreme temperature
(hot or cold) 12 percent, and floods 11 percent.” Financial
loss from natural disasters now exceeds $50 billion per
year, with individual years capable of being much higher,
and that figure does not include social losses such as loss of
employment, mental anguish, and reduced productivity.
Two individual disasters, a hurricane accompanied by
flooding in Bangladesh in 1970 and an earthquake in
China in 1976, each claimed well over 300,000 lives. The
Indian Ocean tsunami in 2004 resulted in at least 230,000

hurricanes, and tornadoes. Almost every part
of the country is at risk for one of the six haz-
ards considered here. A similar map or set of
maps is available for Canada. (From the U.S.
Geological Survey)
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deaths, and another hurricane that struck Bangladesh in
1991 claimed 145,000 lives (Figure 1.3). Hurricane
Katrina in 2005 destroyed much of the coastal develop-
ment in Mississippi and Louisiana and caused the flood-
ing of New Orleans. Katrina killed more than 1,600
people and inflicted about $250 billion in damages, mak-
ing the storm the largest financial catastrophe from a
natural hazard in U.S. history. An earthquake in Pakistan
in 2005 claimed more than 80,000 lives, destroyed many
thousands of buildings, and caused extreme property
damage (Figure 1.4). These catastrophes, along with the
Haiti earthquake introduced in the chapter opener, were

A FIGURE 1.3 Killer Hurricane

Flooded fields and villages adjacent to a river in Bangladesh the
day after the 1991 hurricane struck the country, killing approxi-
mately 145,000 people. (Defence Visual Information Center)



A FIGURE 1.4 Devastating Earthquake

People searching for victims in a 10-story building that collapsed
in a major earthquake in Islamabad, Pakistan, in 2005. By

the onset of winter, more than 87,000 people had died and

more than 3 million were homeless. (OGetty Images/FAROOQ
NAEEM/Stringer)

caused by natural processes and forces that have always
existed. Hurricanes are caused by atmospheric distur-
bance, and Earth’s internal heat drives the movement of
tectonic plates, which causes earthquakes and, sometimes,
tsunamis. The impact of these events is directly connected
to human population density and land-use patterns.
During the last few decades, there has been a signifi-
cant increase in the number of catastrophes and disas-
ters worldwide (Figure 1.5: Disasters and catastrophes
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from 1980 to 2015; also shown are the events, by name
and location, with the largest economic damage).
Although there are several hundred disasters from nat-
ural hazardous events each year, only a few are classified
as a great catastrophe—one that results in deaths or
losses so great that outside assistance is required.® Of
disasters since the 1990s, flooding and storms caused
about 61 percent of disasters and about 56 percent of
the total number of people affected by disasters, while
earthquakes caused about 57 percent of the deaths, and,
over the same period, countries with medium to low
income suffered most from floods and storms. High-
income countries suffered some of the greatest eco-
nomic losses but the lowest number of deaths. The
losses could have been even greater were it not for im-
provements in warning systems, disaster preparedness,
and sanitation following disasters.®!> Nevertheless,
economic losses have increased at a faster rate than
have the number of deaths. Figure 1.6 shows the disas-
ters in 2015. Notice that about half of the total disasters
(44 percent) occurred in Asia where about two-thirds of
the people (4.44 billion) on Earth live. By contrast, the
United States, with about 0.33 billion people, experi-
enced about 6 percent of the disasters.>!

DEATH AND DAMAGE CAUSED BY
NATURAL HAZARDS

When we compare the effects of various natural haz-
ards, we find that those that cause the greatest loss of
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A FIGURE 1.5 Disasters and Catastrophes 1980 to 2015 by Number of Events and Economic Losses
Several examples of events with very large economic costs are listed by date, type of hazard, and location.
(Center for Research on the Epidemiology, 2016. Disaster data: A balanced perspective. Cred Crunch Issue No. 41)
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A FIGURE 1.6 Number and Locations, by Continent and Country, of Natural Disasters in 2015

Notice that about half are in Asia. (Center for Research on the Epidemiology, 2016. Disaster data: A balanced

perspective. Cred Crunch Issue No. 41)

human life are not necessarily the same as those that
cause the most extensive property damage. The largest
number of deaths each year is associated with tornadoes
and windstorms, although heat waves, lightning, floods,
and hurricanes also take a heavy toll. Loss of life from
earthquakes can vary considerably from one year to the
next because a single great quake can cause tremendous
human loss. For example, in 1994, the large, but not
great, Northridge earthquake in the Los Angeles area
killed some 60 people and inflicted at least $20 billion
in property damage. The next great earthquake in a
densely populated part of California could inflict $100
billion in damages while killing several thousand
people.!!

Natural disasters cost the United States multibillion
dollars annually; the average cost of a single major di-
saster may exceed $500 million. The cost in 2104 was
about $25 billion. About 200 weather-related disasters
and catastrophes have occurred in the United States
since 1980. The total economic losses were about $1.1
trillion (an average of about $33 million per year).
Hurricane Katrina cost about $250 billion (damages
and other economic losses). Table 1.1 lists deaths (476)
and economic loss (about $4 billion) from U.S. weather-
related disasters in 2015. Floods claimed the most lives
(176), but other hazards, including several types of
storms, extreme temperature, and coastal beach rip cur-
rents, all were consistent killers. Because the population
is steadily increasing in high-risk areas, such as along
coastlines, we can expect this number to continue to
increase significantly.!?

V TABLE 1.1 Deaths and Damages from Weather-related
Natural Disasters in the United States for

2015
Event Deaths Total Damages
(millions of dollars)
Lightning 27 16
Tornado 36 320
Thunderstorm 41 268
(wind)
Extreme cold 53 3
Extreme heat 45 0
Flood 176 2,748
Rip current 56 0
(coastal)
Hurricane 14 52
Winter storm 20 530
Ice 0 59
Avalanche 8 0

Source: www.nws.noaa.gov.

An important aspect of all natural hazards is their po-
tential to produce a catastrophe, which has been defined
as any situation in which the damages to people, prop-
erty, or society in general are sufficient that recovery
and/or rehabilitation is a long, involved process. Natural
hazards vary greatly in their potential to cause a catastro-
phe (see Table 1.2). Floods, hurricanes, tornadoes,
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V TABLE 1.2 Potential for Humans to Influence Selected
Natural Hazards in the United States

Hazard Occurrence Potential to
Influenced by Produce a
Human Use Catastrophe
Flood Yes High
Earthquake Yes High
Tsunami No High
Landslide Yes Moderate
Volcano No High
Coastal erosion Yes Low
Expansive soils No Low
Hurricane Perhaps? High
Tornado and Perhaps? High
windstorm
Lightning Perhaps? Low
Drought Perhaps? Moderate
Frost and freeze Perhaps? Low
Heat wave Perhaps? High
Wildfire Yes High
Extraterrestrial® No Low
impact

2Weather-related hazards are listed as perhaps being influ-
enced by human processes because the role of climate change
is not well understood.

b Extraterrestrial impact is in a separate class because small
impacts are frequent, and a rare large impact may produce the
largest catastrophes possible on Earth.

Source: Based on White, G. F, and Haas, J. E., Assessment of
Research on Natural Hazards. Cambridge, MA: MIT Press, 1975.

earthquakes, volcanic eruptions, large wildfires, and heat
waves are the hazards most likely to have a high potential
to create catastrophes. Landslides, because they gener-
ally affect a smaller area, have only a moderate potential
to produce a catastrophe. Drought also has a moderate
potential to produce a catastrophe because, although
drought may cover a wide area, there is usually plenty of
warning time before its worst effects are felt. Hazards
with a low potential to produce a catastrophe include
coastal erosion, frost, lightning, and expansive soils."?
The effects of natural hazards change with time be-
cause of changes in patterns of human land use, as well
as climate change. Urban growth can influence people
to develop on marginal lands, such as steep hillsides and
floodplains. This trend is a particular problem in areas
surrounding major cities in developing nations where
urbanization is proceeding rapidly. In addition to in-
creasing population density, urbanization can also
change the physical properties of earth materials by in-
fluencing drainage, altering the steepness of hillslopes,

1.2 The Role of History in Understanding Hazards 9

and removing vegetation. Changes in farming, forestry,
and mining practices can affect rates of erosion and
sedimentation, the steepness of hillslopes, and the na-
ture of vegetative cover. Climate change in the United
States and the world is affecting natural hazards. As the
world warms, warming oceans feed more energy into
storms, causing an increase in storm intensity. Rising
sea levels and larger waves from more intense storms
associated with global warming are flooding land and
increasing coastal erosion. Climate change is also caus-
ing drought to become more common and more ex-
treme in the arid and semiarid regions of Earth (see
Chapter 12). Overall, damage from most natural haz-
ards in the United States is increasing, but the number
of deaths from many hazards is decreasing because of
better prediction, forecasting, and warning.

1.1 CHECK your understanding

1. Differentiate between natural hazards, disasters,
and catastrophes.

2. Which natural hazards in the United States take
the most lives each year, and which are most
costly from an economic perspective?

3. Which hazards have taken the most of the lives
worldwide and in the United States in the past
two decades?

4. How and why are land-use change and global
warming influencing natural hazards?

1.2 The Role of History in
Understanding Hazards

A fundamental principle for understanding natural haz-
ards is that they are repetitive events, and, therefore,
the study of their history provides much-needed infor-
mation for any hazard reduction plan. You read in the
chapter opener that poor building practices in Haiti led
to the great loss of life when the earthquake struck.
Whether we are studying earthquakes, floods, land-
slides, or volcanic eruptions, knowledge of historic
events and the recent geologic history of an area is vital
to our understanding and assessment of the hazard. For
example, if we wish to evaluate the flooding history of a
particular river, one of the first tasks is to identify floods
that have occurred in the historic and recent prehistoric
past. Useful information can be obtained by studying
aerial photographs and maps as far back as the record
allows. In our reconstruction of previous events, we can
look for evidence of past floods in stream deposits.
Commonly, these deposits contain organic material



10 CHAPTER 1 Introduction to Natural Hazards

such as wood or shells that may be radiocarbon dated to
provide a chronology of ancient flood events. This
chronology can then be linked with the historic record
of high flows to provide an overall perspective of how
often the river floods and how extensive the floods may
be. Similarly, if we are studying landslides in a particu-
lar area, an investigation of both historic and prehis-
toric landslides is necessary to better predict future
landslides. Geologists have the tools and training to
“read the landscape” and evaluate prehistoric evidence
for natural hazards. Linking the prehistoric and historic
records extends our perspective of time when we study
repetitive natural events.

In summary, before we can truly appreciate the na-
ture and extent of a natural hazard, we must study in
detail its historic occurrence, as well as any geologic
features that it may produce or affect. These geologic
features may be landforms, such as channels, hills, or
beaches; structures, such as geologic faults, cracks, or
folded rock; or earth materials, such as lava flows, me-
teorites, or soil. Any prediction of the future occur-
rence and effects of a hazard will be more accurate if we
can combine information about historic and prehistoric
behavior with a knowledge of present conditions and
recent past events, including land-use changes.

To fully understand the natural processes we call
hazards, some background knowledge of the geologic
cycle processes that produce and modify earth materi-
als, such as rocks, minerals, and water, is necessary. In
the next few sections, we will discuss the geologic cycle
and then introduce five concepts that are fundamental
to understanding natural processes as hazards.

1.2 CHECK your understanding

1. Why is recent geologic history as well as human
history important in the study of natural
hazards?

1.3 The Geologic Cycle

Geologic conditions and materials largely govern the
type, location, and intensity of natural processes. For
example, earthquakes and volcanoes do not occur at
random across Earth’s surface; rather, most of them
mark the boundaries of tectonic plates. The location
of landslides, too, is governed by geologic conditions.
Slopes composed of a weak rock, such as shale, are
much more likely to slip than those made of a strong
rock, such as granite. Hurricanes, although not them-
selves governed specifically by geology, will have dif-
fering effects, depending on the geology of the area

they strike. An understanding of the components and
dynamics of the geologic cycle will explain these
relationships.

Throughout much of the 4.6 billion years of Earth’s
history, the materials on or near Earth’s surface have
been created, maintained, and destroyed by numerous
physical, chemical, and biological processes. Conti-
nuously operating processes produce the earth mate-
rials, land, water, and atmosphere necessary for our
survival. Collectively, these processes are referred to
as the geologic cycle, which is really a group of
subcycles that includes:

> the tectonic cycle
> the rock cycle
> the hydrologic cycle

> biogeochemical cycles.

THE TECTONIC CYCLE

The term tectonic refers to the large-scale geologic pro-
cesses that deform Earth’s crust and produce landforms
such as ocean basins, continents, and mountains.
Tectonic processes are driven by forces deep within
Earth. To describe these processes, we must use infor-
mation about the composition and layering of Earth’s
interior and about the large blocks of the solid Earth
that we call zecronic plates. The tectonic cycle involves the
creation, movement, and destruction of tectonic plates.
It is responsible for the production and distribution of
rock and mineral resources invaluable to modern civili-
zation, as well as hazards such as volcanoes and earth-
quakes. The tectonic cycle and its linkages to hazards is
the subject of Chapter 2.

THE ROCK CYCLE

Rocks are aggregates of one or more minerals. A mineral
is a naturally occurring, crystalline substance with de-
fined properties (see Appendix A for a discussion of
minerals). The rock cycle is the largest of the geologic
subcycles, and it is linked to all the other subcycles. It
depends on the tectonic cycle for heat and energy, the
biogeochemical cycle for materials, and the hydrologic
cycle for water. Water is then used in the processes of
weathering, erosion, transportation, deposition, and
lithification of sediment.

Although rocks vary greatly in their composition
and properties, they can be classified into three gen-
eral types, or families, according to how they were
formed in the rock cycle (Figure 1.7); rocks and their
properties are discussed in Appendix B. We may think
of the rock cycle as a worldwide rock recycling process
driven by Earth’s internal heat, which melts the rocks
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< FIGURE 1.7 The Rock Cycle
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subducted in the tectonic cycle (see Chapter 2).
Crystallization of molten rock produces igneous rocks
beneath and on Earth’s surface. Rocks at or near the
surface break down chemically and physically by
weathering to form particles known as sediment. These
particles vary in size from fine clay to very large pieces
of boulder-sized gravel. Sediment formed by weather-
ing is then transported by wind, water, ice, and gravity
to depositional basins, such as the ocean. When wind
or water currents slow down, ice melts, or when mate-
rial moving downward due to gravity reaches a flat
surface, the sediment settles and accumulates by a
process known as deposition. The accumulated layers of
sediment eventually undergo /lithification (conversion
to solid rock), forming sedimentary rocks. Lithification
takes place by cementation and compaction as sedi-
ment is buried beneath other sediment.

With deep burial, sedimentary rocks may be meta-
morphosed (altered in form) by heat, pressure, or
chemically active fluids to produce metamorphic rocks.
Metamorphic rocks may be buried to depths where
pressure and temperature conditions cause them to
melt, beginning the entire rock cycle again. As with any
other Earth cycle, there are many exceptions or varia-
tions from the idealized sequence. For example, an ig-
neous or metamorphic rock may be altered into a new
metamorphic rock without undergoing weathering or
erosion, or sedimentary and metamorphic rocks may be
uplifted and weathered before they can continue on to
the next stage in the cycle. Finally, there are other
sources of sediment that have a biological or chemical
origin and types of metamorphism that do not involve

three types of rocks and important
processes that form them. See text
for discussion of processes.

Sedimentary

rock

and fluic

deep burial. Overall, the type of rock formed in the
rock cycle depends on the rock’s environment.

The rock cycle has many links to natural hazards.
Different rock types have different composition, and
the different composition is often linked to specific
processes. For example, limestone is composed of cal-
cite (CaCQO3) which dissolves in weak soil and car-
bonic acid to form collapse pits known as sink holes
(see Chapter 8). Shales are very common sedimentary
rocks composed of fine particles. Shales are a red
flag to those working with landslide hazards (see
Chapter 7).

THE HYDROLOGIC CYCLE

The movement of water from the oceans to the atmo-
sphere and back again is called the hydrologic cycle
(Figure 1.8). Driven by solar energy, the cycle operates
by way of evaporation, precipitation, surface runoff,
and subsurface flow, and water is stored in different
compartments along the way. These compartments in-
clude the oceans, atmosphere, rivers and streams,
groundwater, lakes, and ice caps and glaciers (Table 1.3).
The residence time, or estimated average amount of time
that a drop of water spends in any one compartment,
ranges from tens of thousands of years or more in gla-
ciers to nine days in the atmosphere.

As you can see from studying Table 1.3, only a very
small amount of the total water in the cycle is active
near Earth’s surface at any one time. Although the com-
bined percentage of water in the atmosphere, rivers,
and shallow subsurface environments is only about
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A FIGURE 1.8 Hydrologic Cycle

Idealized diagram showing the hydrologic cycle’s important
processes and transfer of water. (Based on the Council on
Environmental Quality and Department of State.The Global
2000 Report to the President, Vol. 2., 1980)

0.3 percent of the total, this water is tremendously im-
portant for life on Earth and for the rock and biogeo-
chemical cycles. This surface or near-surface water
helps move and sort chemical elements in solution,
sculpt the landscape, weather rocks, transport and de-
posit sediments, and provide our water resources.

The hydrologic cycle is closely related to most
natural hazards:

> Surface runoff is the primary factor in river
flooding (see Chapter 6)

V TABLE 1.3 The World’s Water Supply (Selected Examples)

> Groundwater is one of the most important factors
in landslides and subsidence (see Chapters 7 and 8)

> Water is important in volcanic processes (see

Chapter 5)

> Water injected with other materials is an impor-
tant factor in human-induced earthquakes (see

Chapter 3)

> Water in motion in the oceans and atmosphere is
an important factor in coastal erosion and violent
storms (see Chapters 9-11)

> Water vapor is an important factor in atmospheric
processes that produce storms. As a result, it is a
significant factor in climate change and changes in
hazardous events (see Chapter 12).

BIOGEOCHEMICAL CYCLES

A biogeochemical cycle is the transfer or cycling of a
chemical element or elements through the atmosphere
(the layer of gases surrounding Earth), lithosphere
(Earth’s rocky outer layer), hydrosphere (oceans, lakes,
rivers, and groundwater), and biosphere (the part of the
Earth where life exists). It follows from this definition
that biogeochemical cycles are intimately related to the
tectonic, rock, and hydrologic cycles. The tectonic cy-
cle provides water from volcanic processes, as well as
the heat and energy required to form and change the
earth materials transferred in biogeochemical cycles.
The rock and hydrologic cycles are involved in many
processes that transfer and store chemical elements in
water, soil, and rock.

Biogeochemical cycles can most easily be described
as the transfer of chemical elements through a series of
storage compartments or reservoirs (e.g., air, soil,
groundwater, vegetation). For example, carbon (in the

Percentage of Estimated Average

Total Water Residence Time

97.2 Thousands of years

0.001 9 days

0.0001 2 weeks

0.31 Hundreds to many thousands
of years to a depth of 0.8 km

0.009 Tens of years

2.15 Up to tens of thousands of

Location Surface Area (km?)  Water Volume (km?)

Oceans 361,000,000 1,230,000,000
(139,000,000 mi.?) (295,000,000 mi.3)

Atmosphere 510,000,000 12,700 (3047 mi.%)
(197,000,000 mi.?)

Rivers and - 1,200 (288 mi.?)

streams

Groundwater; 130,000,000 4,000,000

shallow (50,000,000 mi.?) (960,000 mi.)

Lakes 855,000 123,000

(freshwater) (330,000 mi.?) (29,500 mi.%)

Ice caps and 28,200,000 28,600,000

glaciers (10,900,000 mi.?) (6,860 mi.5)

Source: Data from U.S. Geological Survey.

years and longer
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form of CO;) is exhaled by animals, enters the
atmosphere, and is then taken up by plants. When a
biogeochemical cycle is well understood, the rate of
transfer, or flux, among all the compartments is known.
However, determining these rates on a global basis is a
very difficult task. The amounts of such important ele-
ments as carbon, nitrogen, and phosphorus in each
compartment, and their rates of transfer among com-
partments, can be only approximately known. The
carbon cycle (CO,) is of particular importance to haz-
ards as it is associated with global warming, which is
changing climate and the nature and intensity of
weather-driven processes, such as intense storms.

1.3 CHECK your understanding

1. Define the geologic cycle and describe its
subcycles.

2. Why is the geologic cycle pertinent to
understanding natural hazards?

1.4 Fundamental Concepts
for Understanding Natural
Processes as Hazards

The five concepts described next are basic to an under-
standing of natural hazards. These fundamental con-
cepts serve as a conceptual framework for our discussion
of each natural hazard in subsequent chapters of this
book. Most chapters begin and end with a case study
that evaluates a natural hazard with respect to each of
the five fundamental concepts described below.

Science helps us predict hazards.

SCIENCE AND NATURAL HAZARDS

Science is a body of knowledge that has accumulated
from investigations and experiments, the results of
which are subject to verification. The method of sci-
ence, often referred to as the scientific method, has a
series of steps. The first step is the formulation of a
question. With respect to a hazardous event, geologists
may ask: Why did a landslide occur that destroyed
three homes? In order to explore and answer this ques-
tion, geologists will spend time examining the slope
that failed. They may notice that a great deal of water is

emerging from the base of the slope and landslide.
If the geologists also know that a water line is buried in
the slope, they may refine the question to ask specifi-
cally: Did the water in the slope cause the landslide?
This question is the basis for a hypothesis that may be
stated as follows: The landslide occurred because a bur-
ied water main within the slope broke, causing a large
amount of water to enter the slope, reducing the
strength of the slope materials and causing the land-
slide. Often, a series of questions or multiple hypothe-
ses are tested.

The hypothesis is, thus, a possible answer to our
question and is an idea that can be tested. In our ex-
ample, we may test the hypothesis that a broken water
main caused a landslide by excavating the slope to de-
termine the source of the water. In science, we test hy-
potheses in an attempt to disprove them. That is, if we
found that there were no leaking water pipes in the
slope on which the landslide occurred, we would reject
the hypothesis and develop and test another hypothesis.
Use of the scientific method has improved our under-
standing of many natural earth processes, including
flooding, volcanic eruptions, earthquakes, hurricanes,
and coastal erosion. In our scientific study of natural
processes, we have identified where most of these pro-
cesses take place, their range of magnitude, and how
frequently they occur. We have also mapped the nature
and extent of hazards. Coupled with knowledge of the
frequency of past events, we can use such maps to pre-
dict when and where processes such as floods, land-
slides, and earthquakes will occur in the future. We
have also evaluated patterns and types of precursor
events. For example, prior to large earthquakes, there
may be foreshocks and, prior to volcanic eruptions, pat-
terns of gas emissions may signal an imminent
eruption.

HAZARDS ARE NATURAL PROCESSES

Since the dawn of human existence, we have been obli-
gated to adjust to processes that make our lives more
difficult. We humans apparently are a product of the
Pleistocene ice ages, which started about 2 million
years ago (Table 1.4). The Pleistocene epoch and
Holocene epoch (last 11,000 years) experienced rapid
climatic changes—from relatively cold, harsh glacial
conditions as recently as a few thousand years ago to
the relatively warm interglacial conditions we enjoy to-
day. Learning to adjust to harsh and changing climatic
conditions has been necessary for our survival from the
very beginning.

It has recently been suggested that we may be in a
new epoch known as the Anthropocene epoch. The idea
for an Anthropocene epoch is that humans have so
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profoundly changed Earth that a new unit of geologic
time is necessary to define it. To be a new unit of geo-
logic time there needs to be a strong signal in earth ma-
terials (sometimes called a “golden spike”) that is present
in the Earth’s rock record, such as the dinosaur extinc-
tion 65 million years ago (Table 1.4). The signal for the
Anthropocene must be a geologic marker in the distant
future. The concept is controversial, and there is no
agreement on when (or if) a Holocene-Anthropocene
boundary should be defined. Candidates for the bound-
ary, include the Industrial Revolution (mid-eighteenth
century), the extensive use of plastics (plastic pollution)
starting in the early twentieth century, or about 1950
when radioactive elements were dispersed across the
globe by nuclear bomb experiments. Geologic time is so
long that it is difficult, perhaps impossible, to define a
new unit of time that just started.

Events we call natural hazards are natural Earth
processes. They become hazardous when people live or
work near these processes and when land-use changes
such as urbanization or deforestation amplify their ef-
fect. To reduce damage and loss of life, it is imperative
to identify potentially hazardous processes and make
this information available to planners and decision
makers. However, because the hazards that we face are
natural and not the result of human activities, we en-
counter a philosophical barrier whenever we try to
minimize their adverse effects. For example, when we
realize that flooding is a natural part of river dynamics,
we must ask ourselves if it is wiser to attempt to control
floods or to simply make sure that people and property
are out of harm’s way when they occur.

Although it is possible to control some natural
hazards to a certain degree, many are completely
beyond our control. For example,
although we may have some suc-
cess in temporarily preventing
damage from forest fires by using
controlled burns and advanced
firefighting techniques, we will

approach to hazard reduction is to identify hazardous
processes and delineate the geographic areas where
they occur. Every effort should be made to avoid put-
ting people and property in harm’s way, especially for
those hazards, such as earthquakes, that we cannot
control.

FORECAST, PREDICTION, AND
WARNING OF HAZARDOUS EVENTS

Predicting Changes in the Earth System The
idea that “the present is the key to the past,” called uni-
formitarianism, was popularized in 1785 by James
Hutton (referred to by some scholars as the father of
geology) and is heralded today as a fundamental con-
cept of Earth sciences. As the name suggests, uniformi-
tarianism holds that processes we observe today also
operated in the past (flow of water in rivers, formation
and movement of glaciers, landslides, waves on beaches,
uplift of the land from earthquakes, and so on).
Uniformitarianism does not demand or even suggest
that the magnitude (amount of energy expended) and
frequency (how often a particular process occurs) of
natural processes remain constant with time. We can
infer that for as long as Earth has had an atmosphere,
oceans, and continents similar to those of today, the
present processes were operating.

In making inferences about geologic events, we
must consider the effects of human activity on the
Earth system and what effect these changes to the sys-
tem as a whole may have on natural Earth processes.
For example, small streams with drainage areas of a few
to several tens of square kilometers will flood, regard-
less of human activities, but human activities, such as

the B fundamental concepts

never be able to prevent earth-
quakes. In fact, we may actually
worsen the effects of natural pro-
cesses simply by labeling them as
hazardous. Rivers will always flood.
Because we choose to live and work
on floodplains, we have labeled
floods as hazardous processes. This
label has led to attempts to control
floods. Unfortunately, as we will
discuss later, some flood control
measures actually intensify the ef-
fects of flooding, thereby increas-
ing the very hazard we are trying to
prevent (see Chapter 6). The best

Science helps us predict hazards.

Natural hazards, such as earth-
quakes, volcanic eruptions,
landslides, and floods, are natural
processes that can be identified

and studied using the scientific
method. Most hazardous events and
processes can be monitored and
mapped, and their future activity
predicted, on the basis of frequency
of past events, patterns in their
occurrence, and types of precursor
events.

12

Knowing hazard risks can help
people make decisions.

Hazardous processes are amenable
to risk analysis, which estimates the
probability that an event will occur
and the consequences resulting
from that event. Estimating the risk
for hazard scenarios for an earth-
quake, flood, hurricane, wildfire, or
other hazardous event is a proac-
tive step in minimizing impacts of
hazards.
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paving the ground in cities, increase runoff and there-
fore increase the magnitude and frequency of flooding.
That is, floods of a particular size are more frequent
following the paving, and a particular rainstorm can
produce a larger flood than before the paving.
Therefore, to predict the long-range effects of flood-
ing, we must be able to determine how future human
activities will change the size and frequency of floods.
In this case, the present is the key to the future. For exam-
ple, when environmental geologists examine recent
landslide deposits (Figure 1.9) in an area designated to
become a housing development, they must use unifor-
mitarianism to infer where there will be future land-
slides, as well as to predict what effects urbanization
will have on the magnitude and frequency of future
landslides. We will now consider linkages between pro-
cesses in what is called environmental unity or “you
can’t do just one thing.”

The principle of environmental unity states that
one action causes others in a chain of actions and
events. For example, if we remove the native vegetation
from a steep slope or build a large structure on top of
the slope, a landslide may occur. The slide mass may
move into a canyon and dam a stream, which will cause
the stream flow to back up, forming a lake. The dam of
landslide material could be overtopped and quickly
eroded, causing a flood. Alternatively, the dam may be-
come saturated and collapse, producing a muddy flow
of water and debris downstream as a destructive debris
flow. Either event could destroy homes and perhaps kill
people down the valley. Thus, modifying and destabi-
lizing the slope set off a chain or series of events that
changes the environment where people live. Therefore,
when we consider the potential effects of a particular

o

event, we need to think about what other events could
happen and take appropriate precautions.

A prediction of a hazardous event such as an earth-
quake involves specifying the date, time, and size of the
event. This is different from predicting where or how
often a particular event such as a flood will occur. A
forecast, on the other hand, has ranges of certainty.
The weather forecast for tomorrow may state there is a
40 percent chance of showers. Learning how to predict
hazardous events so we can minimize human loss and
property damage is an important endeavor. For some
natural hazards, we have enough information to predict
or forecast events accurately. When there is insufficient
information available, the best we can do is locate areas
where hazardous events have occurred and infer where
and when similar future events might take place. If we
know both the probability and the possible conse-
quences of an event occurring at a particular location,
we can assess the risk that the event poses to people and
property, even if we cannot accurately predict when it
will next occur.

The effects of a hazardous event can be reduced if
we can forecast or predict it and if we can issue a warn-
ing. Attempting to do this involves most or all of the
following elements:

> Identifying the location where a hazardous event is
likely to occur

> Determining the probability that an event of a
given magnitude will occur

> Observing any precursor events
> Forecasting or predicting the event
> Warning the public.

15

Linkages exist between natural
hazards.

Hazardous processes are linked in
many ways. For example, earth-
quakes can produce landslides, and
giant sea waves (called tsunamis)
and hurricanes often cause flooding
and coastal erosion.

Humans can turn disastrous
events into catastrophes.

The magnitude, or size, of a hazard-
ous event, as well as its frequency
or how often it occurs, may be influ-
enced by human activity. As a result
of increasing human population and
poor land-use practices, events that
used to cause disasters are now
often causing catastrophes.

Consequences of hazards can be
minimized.

Minimizing the potential adverse
consequences and effects of natural
hazards requires an integrated
approach that includes scientific
understanding, land-use planning,
and regulation, engineering, and
proactive disaster preparedness.
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"Many scientists believe that not all dinosaurs became extinct but that some dinosaurs evolved into birds.
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A FIGURE 1.9 Urban Development
The presence of a landslide on this slope suggests that the slope is not stable, and that further movement may
occur in the future.This is a “red flag” for future development in the area. (Edward A. Keller)

Location For the most part, we know where a particu-
lar kind of event is likely to occur, and we can accurately
map where such events have occurred (see Appendix C
for a discussion of maps and images useful in hazard
analysis). On a global scale, the major zones for earth-
quakes and volcanic eruptions have been delineated by
mapping (1) where earthquakes have occurred, (2) the
extent of recently formed volcanic rocks, and (3) the lo-
cations of recently active volcanoes. On a regional scale,
we can use past eruptions to identify areas that are likely
to be threatened in future eruptions. This risk has been
delineated for several Cascade Range volcanoes such as
Mt. Rainier in the Pacific Northwest, as well as for sev-
eral volcanoes in Japan, Italy, Colombia, and elsewhere.
On a local scale, detailed mapping of soils, rocks,
groundwater conditions, and surface drainage may
identify slopes that are likely to fail or where expansive
soils exist. In most cases, we can predict where flooding
is likely to occur from the location of the floodplain and
from mapping the extent of recent floods.

Probability of Occurrence Determining the prob-
ability of a particular event occurring at a particular
location within a particular time span is an essential
part of a hazard prediction (see Appendix D for a dis-
cussion of how geologists determine the all-important
chronology necessary to evaluate the time element of

hazard evaluation and probability of occurrence). For
many rivers, we have sufficiently long records of flow to
develop probability models that can reasonably predict
the average number of floods of a given magnitude that
will occur in a decade. Likewise, droughts may be as-
signed a probability on the basis of past rainfall in the
region. However, these probabilities are similar to the
chances of throwing a particular number on a die or
drawing an inside straight in poker—the element of
chance is always present. Although the 10-year flood
may occur on average only once every 10 years, it is
possible to have several floods of this magnitude in any
one year, just as it is possible to throw two straight sixes

with a die.

Precursor Events Many hazardous events are pre-
ceded by precursor events. For example, the surface of
the ground may creep (i.e., move slowly for a long pe-
riod of time) prior to an actual landslide. Often, the
rate of creep increases up to the final failure and land-
slide. Volcanoes sometimes swell or bulge before an
eruption and, often, earthquake activity increases sig-
nificantly in the area. Foreshocks or unusual uplift of
the land may precede earthquakes.

Identification of precursor events helps scientists
predict when and where a major event is likely to hap-
pen. Thus, measurements of landslide creep or swelling
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of a volcano may lead authorities to issue a warning and
evacuate people from a hazardous area.

Forecasting and Prediction When a forecast of
an event is issued, the certainty of the event is given,
usually as the percent chance of something happening.
When we hear a forecast of a hazardous event, it means
we should be prepared for the event.

It is sometimes possible to accurately predict when
certain natural events will occur. Flooding of the
Mississippi River, which occurs in the spring in response
to snowmelt or large regional storm systems, is fairly
common. Hydrologists with the National Weather
Service usually can predict when the river will reach a
particular flood stage or water level. When a hurricane
is spotted far out to sea and tracked toward the shore, we
can predict when and where it will likely strike land.
Large ocean waves, called tsunamis, that are generated
by undersea earthquakes, landslides, and other distur-
bances, may also be predicted once they form. In the
past several decades, the prediction of the arrival time
for tsunamis in the Pacific Ocean has been fairly suc-
cessful. Even a short-notice prediction of a hazardous
event, such as a tornado, motivates us to act to reduce
potential consequences before the event happens.

Warning After a hazardous event has been predicted
or a forecast has been made, the public must be warned.
The flow of information leading to the warning of a
possible disaster—such as a large earthquake or flood—
should move along a predefined path (Figure 1.10).
People do not always welcome such warnings, espe-
cially when the predicted event does not come to pass.
In 1982 geologists advised that a volcanic eruption
near Mammoth Lakes, California, was quite likely.
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The eruption did not occur, and the advisory was even-
tually lifted, but this advisory caused loss of tourist
business and apprehension for the residents. In July
1986, a series of earthquakes occurred over a four-day
period near Bishop, California. The quakes began with
minor magnitude 3.0 tremors and culminated in a dam-
aging magnitude 6.1 shock. Investigators concluded
that there was a high probability of a larger quake in the
vicinity in the near future and issued a warning. Local
business owners, who feared the loss of summer tour-
ism, thought that the warning was irresponsible; in fact,
the predicted quake never materialized.

Incidents of this kind have led some people to con-
clude that scientific predictions are worthless, and that
advisory warnings should not be issued. Part of the
problem is poor communication between the investi-
gating scientists and the news media. Newspaper, tele-
vision, Internet, and radio reports may fail to explain
the evidence or the probabilistic nature of natural haz-
ard prediction, leading the public to expect completely
certain statements about what will happen. Although
scientists are not yet able to predict volcanic eruptions
and earthquakes accurately, it would seem that they
have a responsibility to publicize their informed judg-
ments. An informed public is better able to act respon-
sibly than an uninformed public, even if the subject
makes people uncomfortable. Ship captains, who de-
pend on weather advisories and warnings of changing
conditions, do not suggest that they would be better off
not knowing about an impending storm, even though
the storm might veer and miss the ship. Just as weather
warnings have proved useful for planning, official
warnings of hazards such as earthquakes, landslides,
and floods are also useful to people deciding where to
live, work, and travel.

< FIGURE 1.10 Hazard Prediction or
Warning

Possible flow path for issuance of a prediction
or warning for a natural disaster.
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Consider once more the prediction of a volcanic
eruption in the Mammoth Lakes area of California.
The location and depth of earthquakes suggested to
scientists that molten rock was moving toward the sur-
face. In light of the high probability that the volcano
would erupt and of the possible loss of life if it did, it
would have been irresponsible for scientists not to issue
an advisory. Although the predicted eruption did not
occur, the warning led the community to develop evac-
uation routes and consider disaster preparedness. This
planning may prove useful, for it is likely that a volcanic
eruption will occur in the Mammoth Lakes area in the
future. The most recent event occurred only 600 years
ago! As a result of the prediction, the community is bet-
ter informed than it was before and, thus, better able to
deal with an eruption when it does occur.

2]

Knowing hazard risks can help people make
decisions.

Before rational people can discuss and consider ad-
justments to hazards, they must have a good idea of
the risk that they face in various circumstances. The
field of risk assessment is rapidly growing, and its ap-
plication in the analysis of natural hazards probably

should be expanded.

RISK AS A CONCEPT

The risk of a particular event may be simply defined as
the product of the probability of that event occurring
multiplied by the consequences should it occur.'*
Consequences (damages to people, property, economic
activity, public service, and so on) can be expressed on a
variety of scales. If, for example, we are considering the
risk of earthquake damage to a nuclear reactor, we may
evaluate the consequences in terms of radiation re-
leased, which then can be related to damages to people
and other living things. In any such assessment, it is im-
portant to calculate the risks for various possible events
(scenarios), for example, for earthquakes of various
magnitudes. A large event has a lower probability than
does a small one, but its consequences are likely to be
greater.

Thinking deeper about risk (Figure 1.11), we have
come to realize that the hazard and the probability of
occurrence of hazards includes both the natural process
(earthquake, flood, etc.) and the human processes that
can change the probability. For example, urbanization
can change the magnitude and frequency of flood-
ing, and human-induced climate change is increasing
the intensity of storms. Likewise, consequences are

Impacts (people)

rdemhs, injured, affected and economic Ioss]

® Natural
processes

® Human
processes

e Adaption
and mitigation
processes

® Perception

Vulnerability

A FIGURE 1.11 Risk

Defined as the intersection of hazard, exposure, and vulner-
ability. (Modified after IPCC, 2014. Climate change 2014: Impacts,
summary, and vulnerability. Technical Summary)

complex, including the concepts of resiliency, exposure,
vulnerability, adaption, mitigation, hazard perception,
and social media. Thus, risk can be thought of as the
product of hazard, exposure, and vulnerability."®
Resiliency is the ability to absorb damage and recover
from a hazardous event. Exposure refers to elements
(people and property) at risk from a natural hazard.
Vulnerability is the degree of loss due to exposure to a
hazardous event such as a flood or storm (the inverse of
resiliency). Vulnerability may vary. For example, a per-
son living in an landslide-prone home who seldom
leaves home is more vulnerable to the landslide hazard
than other family members who attend school or leave
the home each day to work in a nearby town or city.
Adaption refers to options that may be taken to reduce
exposure and vulnerability, such as insurance, evacua-
tion, engineering to strengthen infrastructure and pro-
tect people, and land-use planning to avoid hazardous
areas. Mitigation means to reduce the effects of some-
thing and is often used by scientists, planners, and pol-
icy makers in describing disaster preparedness efforts.
For example, after earthquakes and floods, water sup-
plies may be contaminated by bacteria, increasing the
spread of diseases. To mitigate the effects of this con-
tamination, a relief agency or government may deploy
portable water treatment plants, disinfect water wells,
and distribute bottled water.

Vulnerability and exposure can also be reduced by
using online resources and social media. For example,
during changing conditions of a hazardous event such
as a flood, people may use their smartphones to alert
friends and family of what is going on (when floodwater
will arrive and how deep the flooding is likely to be)
and how to respond, such as when to evacuate or how
to protect property. Many people have smartphones,
and warnings can be issued by emergency agencies and
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others that a tsunami may arrive soon from a distant
earthquake at beaches and coastal communities.
Warnings may also be used to alert people to landslides
or storms that have closed roads or where emergency
help is needed. Possibilities are numerous. During the
disastrous 2011 Bangkok flood, social media is thought
to have helped reduce damage to property by as much
as 37 percent by providing real-time flood conditions
of flood location and depth that allowed people to
move some possessions out of harm’s way.'®

Determining acceptable risk is also complicated, for
the risk that society or individuals are willing to take
depends on the situation. Driving an automobile is
fairly risky, but most of us accept that risk as part of liv-
ing in a modern world. On the other hand, for many
people the acceptable risk from a nuclear power plant is
very low because they consider almost any risk of radia-
tion poisoning unacceptable. Nuclear power plants are
controversial because many people perceive them as
high-risk facilities. Even though the probability of an
accident owing to a geologic hazard such as an earth-
quake may be quite low for most power plants, the con-
sequences could be devastating, resulting in a relatively
high risk.

Institutions, such as the government and banks, ap-
proach the topic of acceptable risk from an economic
point of view rather than from a personal perception of
the risk. For example, a bank will consider how much
risk it can tolerate with respect to flooding. The federal
government may require that any property receiving a
government loan cannot have a flood hazard risk that
exceeds 1 percent per year; that is, the property must be
protected up to and including the 100-year flood.

On an individual level, it is important to recognize
that you have some degree of choice regarding the level
of risk you are willing to live with. For the most part,
you can choose where you are willing to live. If you
move to the North Carolina coast, you should realize
you are putting yourself in the path of potentially
deadly hurricanes. If you choose to live in Los Angeles,
it is highly likely that in your lifetime you will experi-
ence an earthquake. So why do people live in hazardous
areas? Perhaps you were offered an excellent job in
North Carolina, or the allure of warm weather, moun-
tains, and the ocean drew you to Los Angeles. Whatever
the case, we as individuals must learn to weigh the pros
and cons of living in a given area and decide whether or
notitis worth the risk. This assessment should consider
factors such as the level of potential devastation caused
by an event, the frequency of the event, and the extent
of the geographic area at risk, and it should compare
these factors to the potential benefits of living in the
high-risk area. In this way, we determine our own ac-
ceptable risk, which may vary from person to person.

A frequent problem of risk analysis is a lack of reli-
able data for analyzing either the probability or the
consequences of an event. It can be difficult to assign
probabilities to geologic events such as earthquakes and
volcanic eruptions because the known record of past
events is often inadequate.!® Similarly, it may be diffi-
cult to determine the consequences of an event or se-
ries of events. For example, if we are concerned with
the consequences of releasing radiation into the envi-
ronment, we need a lot of information about the local
biology, geology, hydrology, and meteorology, all of
which may be complex and difficult to analyze. Despite
these limitations, risk analysis is a step in the right di-
rection. As we learn more about determining the prob-
ability and consequences of a hazardous event, we
should be able to provide the more reliable analyses
necessary for decision making.

RISK MANAGEMENT

Management of risk from natural hazards is part of the
broader field of land-use planning and hazard manage-
ment programs for cities, countes, states, and the
United States. The national agency is the Federal
Emergency Management Agency (FEMA). Natural
hazard plans for cities and counties have names such as
Emergency Management Plan, and they include dis-
cussions of hazard assessment for specific events, such
as earthquake, flood, and wildfire; hazard mitigation,
which includes specific actions to reduce exposure and
vulnerability to natural hazards; and action taken for
recovery following a natural hazard event.

Hazard management is becoming more complex be-
cause increasing human population has resulted in
more people in cities and rural localities living in areas
where natural hazards occur (although no place is com-
pletely free from exposure to natural hazards), and
global change is altering the intensity and occurrence
of violent storms and heat waves linked to other haz-
ards, such as wildfire and landslides. Complex natural
hazard problems are often resistant to clear problem
definitions and easily identified solutions. Some natural
hazard management issues involve social, political, and
cultural issues that make problem solutions difficult if
not impossible to resolve. Such problems are some-
times labeled as a wicked problem.!” Here, the term
“wicked” is not used in the familiar and historic sense of
something immoral or evil or in the more modern us-
age of the term to indicate something pleasurable or
desirable. Rather, it is used to indicate resistance to a
solution. Wicked problems do not have simple solu-
tions. Not all complex natural hazard management
problems are wicked, but those with strong social or
political implications may be. Science alone is not able
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to mitigate wicked problems. Progress (positive change)
on wicked problems requires the use of science, poli-
tics, economics, and social justice. Approaches to wicked
problems include:!” decision making at regional to lo-
cal levels, including government and non-government
organizations and private ownership; decision making
across several administrative levels in regard to water,
land, and air; balancing differences in economic, social,
political, and scientific norms and values of the various
stakeholders; and, perhaps most important, use of adap-
tive management.

Adaptive management is a science-based active process
that recognizes the uncertainty of future outcomes; the
limited usefulness of predictions; and the importance of
learning through field experience, monitoring, reevaluat-
ing, and being flexible.!”

Examples of wicked problems associated with natu-
ral hazards include natural hazards such as coastal ero-
sion. Coastal erosion is a complex problem with a
difficult solution because those living near or visiting
beaches often have competing values. Property owners
wish to protect their private property, often at the ex-
pense of the beach. People visiting the beach for recre-
ation such as swimming or walking wish to protect the
beach, even at the expense of property owners. If there
is a beach park with grass, picnic tables and areas desig-
nated for social gatherings merging with the beach,
people using these areas may well value the grass more
than the beach itself. The agencies responsible for
managing a beach may belong to the city, county, or
state, and the issues involved may include water and air
quality as well. There are no easy answers to this wicked
problem. Therefore, best management is often incre-
mental management (including adaptive management)
that needs to be flexible, monitored, reevaluated, and,
possibly, changed over time.

©

Many of the hazards are linked. For example, hurri-
canes are often associated with flooding, and intense
precipitation associated with hurricanes can cause
erosion along a coast and landslides on inland slopes.
Volcanic eruptions on land are linked to mudflows and
floods, and eruptions in the ocean are linked to
tsunamis. Wildfire that denudes vegetation is often
linked to soil erosion, landslides, and flooding as run-
off from burned slopes increases (see Chapter 13).
Climate change with warming oceans and rising sea
levels are linked to more intense storms such as hur-
ricanes, as well as to accelerated coastal erosion (see
Chapter 12).

Linkages exist between natural hazards.

One disaster can influence others as a cascade of
conditions. One disaster can impact another disaster
that soon follows after the first. For example, an earth-
quake or flood that causes significant loss of life and
property damage can lead to pollution of water sup-
plies, resulting in an outbreak of water-borne disease.
Consider a severe storm, such as a tropical cyclone with
high winds and torrential rain that damages or destroys
homes in an area with little resiliency. People are forced
into temporary shelter (perhaps tents). If another se-
vere storm occurs before repairs and new housing is
made available, then the loss of life may well be worse
than in the first storm.

4

Humans can turn disastrous events into
catastrophes.

Early in the history of our species, our struggle with
earth processes was probably a day-to-day experience.
However, our numbers were neither great nor concen-
trated, so losses from hazardous earth processes were
not very significant. As people learned to produce and
maintain a larger and, in most years, more abundant
food supply, the population increased and became con-
centrated near sources of food. The concentration of
population and resources also increased the effect of
periodic earthquakes, floods, and other potentially
hazardous natural processes. This trend has continued,
so that many people today live in areas that are likely
to be damaged by hazardous earth processes or are sus-
ceptible to the effect of such processes in adjacent ar-
eas. An increase in population puts a greater number of
people at risk and also forces more people to settle in
hazardous areas, therefore increasing the need for
planning in order to minimize losses from natural
disasters.

EXAMPLES OF DISASTERS IN DENSELY
POPULATED AREAS

Mexico City is the center of North America’s largest
and the world’s third most populous metropolitan area.
Approximately 22 million people are concentrated in
an area of about 2300 km? (~890 mi.?). Families in this
area average five members, and an estimated one-third
of the families live in a single room. The city is built on
ancient lakebeds that amplify the shaking in an earth-
quake, and parts of the city have been sinking several
centimeters per year due to pumping of groundwater.
The subsidence has not been uniform, so the buildings
tilt and are thus even more vulnerable to earthquake
shaking.!® In September 1985, Mexico endured a
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magnitude 8.0 earthquake that killed about 10,000
people in Mexico City.

Another example comes from the Izmit, Turkey,
earthquakes in 1999. These quakes killed more than
17,000 people because they took place near a heavily
populated area where many buildings were poorly
constructed.

One reason that the Mexico City and Izmit earth-
quakes caused such great loss of life was that so many
people were living in the affected areas. If either of
these quakes had occurred in less densely populated
areas, fewer deaths would have resulted.

POPULATION GROWTH AS A FACTOR
IN HAZARDS

The world’s population has more than tripled in the
past 70 years. Between 1830 and 1930, the world’s pop-
ulation doubled from 1 to 2 billion people. By 1970, it
had nearly doubled again, and as of 2016, there were
about 7.4 billion people on Earth. How did we get to be
7+ billion strong?

The increase in the number of people on our planet
can be related to various stages of human develop-
ment. When we were hunter-gatherers, our numbers
were small, population growth rates were low, and
population density was far less than 1 person per km?
(~0.39 mi®). With the development of agriculture,
population growth rates increased by several hundred
times and population density increased about 30 times
as the result of a stable food supply but still was con-
siderably less than one person per km”. During the
early industrial period (a.p. 1600 to 1800), growth
rates increased again by about 10 times, and density of
persons increased to about seven persons per km?.
Since the Industrial Revolution, with modern sanita-
tion and medicine, the growth rates increased another
10 times. Human population reached 6 billion in
2000, and by 2016 it exceeded 7.4 billion. That is
1.5 billion new people in only 16 years. By compari-
son, total human population reached 1 billion only
about a.p. 1800, after more than 40,000 years of hu-
man history! Today, the density of the human popula-
tion is much better known and is tremendously
variable (it probably always was very variable, but we
do not have the data to know). For example, according
to the World Bank (2012), in Australia human popula-
tion density or persons per km? (~0.39 mi?) is about 3,
United States 34, Spain 93, China 140, United
Kingdom 260, Haiti 360, and India 410. For the entire
world, the density is about 50 persons per km?. The
main conclusion is that very recently (in the past
100 vyears), human population and density has
increased dramatically.

Future Population Growth Because Farth’s popu-
lation is increasing exponentially, many scientists are
concerned that in the twenty-first century it will be im-
possible to supply resources and a high-quality envi-
ronment for the billions of people added to the world
population. Increasing population at local, regional,
and global levels compounds nearly all hazards,
including floods, landslides, volcanic eruptions, and
earthquakes.

In the future, we may be able to mass-produce
enough food from nearly landless agriculture or to use
artificial growing situations. However, enough food
does not solve the problems of the space available to
people and maintaining or improving their quality of
life. Some studies suggest that the present population is
already above a comfortable carrying capacity for the
planet. Carrying capacity is the maximum number of
people Earth can hold without causing environmental
degradation that reduces the ability of the planet to
support the population.'’?

The news regarding population growth is not all
bad—for the first time in the past 50 years, the rate of
growth is decreasing. Growth may have peaked at
85 million people per year in the late 1980s, but by
2012, the increase was still about 85 million new people
per year.”%?! Every second, about 4.5 people are born
somewhere on Earth, and 1.8 people die. Thus, twice as
many people are born than die. We are experiencing
what is known as population momentum as more people
are living longer as a result of improved sanitation,
nourishment, water quality, and medicine. Eventually,
death rates will increase as the population ages and fall
more in line with birth rates. From an optimistic point
of view, it is possible that our global population of
6 billion persons in 2000 may not double again.
Although population growth is difficult to project be-
cause of variables such as agriculture, sanitation, medi-
cine, culture, and education, by the year 2050, human
population is forecast to be about 10 billion. Most of
the population growth in the twenty-first century will
be in developing nations. India will likely have the
greatest population of all countries by 2050, which will
be about 18 percent of the total world population;
China will have about 15 percent. By 2050, these two
countries will have more than a third of the total world
population!?!

The explosive increase in population during the
twentieth century was due to exponential growth of the
number of people on Earth, which means that the pop-
ulation does not grow each year by the addition of a
constant number of people; rather, it grows by the ad-
dition of a constant percentage of the current popula-
tion. Exponential population growth results in higher
population densities (people per square kilometer),
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more exposure of people to hazardous natural pro-
cesses, increased pollution, reduced availability of food
and clean drinking water, and a greater need for waste
disposal and energy resources. A significant question is:
How many people can Earth support?

There is no easy answer to the population problem,
but the role of education is paramount. As people (par-
ticularly women) worldwide become more educated,
the population growth rate tends to decrease. As the
rate of literacy increases, population growth is reduced.
Given the variety of cultures, values, and norms in the
world today, it appears that our greatest hope for popu-
lation control is, in fact, through education.!” However,
until the growth rate is zero, population will continue
to grow. If the rate of growth is reduced to 0.7 percent
per year, which is about two-thirds the current rate of
1.1 percent, human population will still double in 100
years. Having discussed the link between human popu-
lation and hazards, we will now turn to an important
link between how often hazardous processes occur and
how big these hazardous events are.

MAGNITUDE AND FREQUENCY OF
HAZARDOUS EVENTS

The impact of a hazardous event is in part a functon of
the amount of energy released, that is, its magnitude,
and the interval between occurrences, that s, its frequency.
Its impact is also influenced by many other factors,
including climate, geology, vegetation, population, and
land use. In general, the frequency of an event is inversely
related to the magnitude. This is the magnitude-
frequency concept. Small earthquakes, for example, are
more common than large ones. A large event, such as a
massive forest fire, will do far more damage than a small,
contained burn. However, such events are much less fre-
quent than smaller burns. Therefore, although planners
need to be prepared for large, devastating events, the ma-
jority of fires suppressed will be smaller ones.

As an analogy to the magnitude—frequency concept,
consider the work of logging a forest done by resident
termites, human loggers, and elephants. The termites
are numerous and work quite steadily, but they are so
small that they can never do enough work to destroy all
the trees. The people are fewer and work less often, but
being stronger than termites, they can accomplish more
work in a given time. Unlike the termites, the people
can eventually fell most of the trees (Figure 1.12).
The elephants are stronger still and can knock down
many trees in a short time, but there are only a few of
them and they rarely visit the forest. In the long run,
the elephants do less work than the people and bring
about less change. In our analogy, it is humans who,
with a moderate expenditure of energy and time, do the

A FIGURE 1.12 Human Scale of Change

Human beings, with our high technology, are able to down
even the largest trees in our old-growth forests. The lumber-
jack shown here is working in a national forest in the Pacific
Northwest. (Inga Spence/Alamy)

most work and change the forest most drastically.
Similarly, natural events with a moderate energy expen-
diture and moderate frequency are often the most im-
portant shapers of the landscape. For example, most of
the sediment carried by rivers in regions with a sub-
humid climate, like most of the eastern United States, is
transported by flows of moderate magnitude and fre-
quency. However, there are many exceptions. In arid
regions, for example, much of the sediment in normally
dry channels may be transported by rare high-
magnitude flows produced by intense but infrequent
rainstorms. Along the barrier island coasts of the east-
ern United States, high-magnitude storms cause the
most change to the beaches.

Land use may directly affect the magnitude and fre-
quency of events. Four deadly catastrophes resulting
from natural hazards were Hurricane Mitch and the
flooding of the Yangtze River in China, both in 1998;
the Indonesian tsunami in 2004 that killed about
230,000 people; and Hurricane Katrina in 2005 that
killed at least 1,600 Americans. Hurricane Mitch, which
devastated Central America, caused approximately
11,000 deaths, whereas the floods in the Yangtze River
resulted in nearly 4,000 deaths. Land-use changes made
the damage from these events particularly severe. For
example, Honduras has lost nearly one-half of its for-
ests, and an 11,000 km? (~4200 mi.?) fire occurred in
the region prior to the hurricane, destroying vegetation
cover. As a result of deforestation and the fire, hillsides
washed away, and with them went farms, homes, roads,
and bridges. In central China, the story is much the
same; in recent years, the Yangtze River basin has lost
about 85 percent of its forest as a result of timber
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harvesting and conversion of land to agriculture. These
land-use changes have probably made flooding on the
Yangtze River much more common than it was
previously.??

5

The ways in which we deal with hazards are too often
primarily reactive—following a disaster, we engage in
search and rescue, firefighting, and providing emer-
gency food, water, and shelter. There is no denying
that these activities reduce loss of life and property
and need to be continued. However, a move to a
higher level of hazard reduction will require increased
efforts to anticipate disasters and their effects. Land-
use planning that limits construction in hazardous
locations, hazard-resistant construction, and hazard
modification or control (such as flood control chan-
nels) are some of the adjustments that anticipate fu-
ture disastrous events and may reduce our vulnerability
to them.”?

Consequences of hazards obviously include damage
directly from a hazard event such as a flood, landslide,
or earthquake, and these costs in property and lives may
be very significant—but they may not result in the
greatest losses. Often it is what happens before, during,
and after a hazardous event occurs that determines
most of the losses. Consider total losses A + B = C,
where C is the total loss; A represents the direct losses
from the event; and B consists of losses related to hu-
man actions including, for example, inadequate engi-
neering of dikes or not building homes, schools, and
other buildings to withstand earthquake shaking; not
wanting to or unable to spend funds for disaster plan-
ning that result in supplies, water, food, and medicine
being quickly delivered after an earthquake or other
disastrous event has occurred; not having public safety
plans ready to be implemented; or incompetency,
greed, or just being lazy and not doing the right thing
or even knowing what to do (see Case Study 1.1:
Professional Profile).?*

Consequences of hazards can be minimized.

REACTIVE RESPONSE: IMPACT OF AND
RECOVERY FROM DISASTERS

The effect of a disaster on a population may be either
direct or indirect. Direct effects include people killed,
injured, dislocated, or otherwise damaged by a partic-
ular event. Indirect effects are generally responses to the
disaster. They include emotional distress, donation of
money or goods, and payment of taxes levied to fi-
nance the recovery. Direct effects are felt by fewer

individuals, whereas indirect effects affect many more
people.?*6

The stages of recovery following a disaster are
emergency work, restoration of services and commu-
nication lines, and reconstruction (Figure 1.13). We
can see these stages in recovery activities following
the 1994 Northridge earthquake in the Los Angeles
area. Restoration began almost immediately with the
repair of roads and utilities, using funds from federal
programs, insurance companies, and other sources
that arrived in the first few weeks and months after
the earthquake. The damaged areas then moved
quickly from the restoration phase to what is known
as the reconstruction stage, which lasted until 2000.
The recovery time from a disaster can vary from a few
to many years. Northridge has recovered in less than
a decade, while in Hait the recovery following the
2010 was delayed by the 2016 hurricane, and the
country remains still early in the recovery process
which will take decades and require massive interna-
tional aid.

As we move through the reconstruction stage, it is
important to remember lessons from two disasters:
the 1964 Anchorage, Alaska, earthquake and the flash
flood that devastated Rapid City, South Dakota, in
1972. Restoration following the Anchorage earth-
quake began almost immediately in response to a tre-
mendous influx of dollars from federal programs,
insurance companies, and other sources approximately
one month after the earthquake. Reconstruction
moved rapidly as everyone tried to obtain as much of
the available funds as possible. In Rapid City, the res-
toration did not peak until approximately 10 weeks
after the flood, and the community took time to care-
fully think through the best alternatives. As a result,
Rapid City today uses land on the floodplain in an en-
tirely different way—it is now a greenbelt with golf
courses and other such facilities—and the flood haz-
ard is much reduced.!**%2¢ Conversely, in Anchorage,
the rapid restoration and reconstruction were accom-
panied by little land-use planning. Apartments and
other buildings were hurriedly constructed across ar-
eas that had suffered ground rupture; the ground was
prepared for rebuilding by simply filling in the cracks
and regrading the land surface. By ignoring the poten-
tial benefits of careful land-use planning, Anchorage
has made itself vulnerable to the same type of earth-
quake that struck in 1964.

In the Northridge case, the effects of the earthquake
on highway overpasses and bridges, buildings, and
other structures have been carefully evaluated. The
goal has been to determine how more vigorous engi-
neering standards for construction of new structures or
strengthening of older structures can be implemented
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A FIGURE 1.13 Recovery from Disaster

Generalized model of four stages of recovery following a disaster. The first stage after a disaster is a state of
emergency, in which normal activities cease or are changed. The next stage in the restoration is a return to
normal activities, although probably not at predisaster levels. This is followed by the stages of reconstruc-
tion and improvement. Finally, major construction and development are underway, and normal activities
have returned. Lengths of the various stages are highly variable, depending on the nature of the disaster and
available funding. The entire process may take a decade or longer. (Modified from Kates, R. W., and Pijawka,
D. 1977 From rubble to monument: The pace of reconstruction. In Disaster and Reconstruction, ed. J. E. Haas,

R. W. Kates, and M. J. Bowden, pp. 1-23. Cambridge, MA: MIT Press)

during the reconstruction stage (Figure 1.13). Future
moderate to large earthquakes are certain to occur
again in the Los Angeles area. Therefore, we need to
continue efforts to reduce earthquake hazards.

ANTICIPATORY RESPONSE: AVOIDING
AND ADJUSTING TO HAZARDS

The options we choose, individually and as a society,
for avoiding or minimizing the effects of disasters de-
pend in part on our perception of hazards. A good deal
of work has been done in recent years to try to under-
stand how people perceive various natural hazards.
This understanding is important because the success
of hazard reduction programs depends on the

attitudes of the people likely to be affected by the haz-
ard. Although there may be adequate perception of a
hazard at the institutional level, this perception may
not filter down to the general population. This lack of
awareness is particularly true for events that occur in-
frequently; people are more aware of situations such
as brush or forest fires that may occur every few years.
Standard procedures, as well as local ordinances, may
already be in place to control damage from these
events. For example, homes in some areas of southern
California are roofed with shingles that do not burn
readily, they may have sprinkler systems, and their lots
are frequently cleared of brush. Such safety measures
are commonly noticeable during the rebuilding phase
following a fire.



1.1

=
=)

)
-

(7p)
LLl
77
<
o

Profile

rofessor Robert Bea

(Figure 1.1.A) is widely

recognized as perhaps

the most influential, and
sometimes controversial, contribu-
tor to our understanding of disas-
ters. Professor Bea has an interest-
ing background in civil engineering
and has spent time in both industry
and academia. He has published
literally hundreds of papers and is
a recognized expert in risk manage-
ment. Much of his research has
been focused on industrial catas-
trophes, such as oil blowouts and
exploding oil platforms. However,
he has also commented extensively
on natural hazards, giving particular
attention to what happens before,
during, and after events such as
hurricanes and floods.

Professor Bea has stated that,
following the Occidental oil drilling
platform explosion in 1988 that
killed over 160 people, he realized
that catastrophes and disasters
have complex parts related to
the poor decisions people make.
Sometimes the event is natural
and sometimes an engineering
failure, but why it occurs, how it
occurs, and the role of humans in
the event are points he constantly
hammers home. For example, a
volcanic eruption in a remote part
of the world is a big event, and, if
there are not many people around,
it will more or less be considered
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Professional

Professor Robert

Bea, University
of California,
Berkeley

a large damaging event perhaps

to ecosystems but not in terms of
financial losses to people. On the
other hand, should a large volcanic
eruption occur near a large city, it
would be considered a disaster or
catastrophe, and then taking steps
to better understand volcanoes and
having emergency plans in place
become paramount to minimizing
total effects of the eruption. Bea has

pointed out that often 20 percent
of the financial losses in a disaster
may be directly related to the event
itself, but the majority of the cost
of catastrophes could be greatly
reduced by improving human
systems that include warnings
and better understanding of the
hazard.?*

Bea understands that we have
some really big cities in harm's

A FIGURE 1.1.A
Professor Robert Bea, University of California,
Berkeley is an expert on disasters and their
causes. (Courtesy of Robert Bea)



way of natural processes, such as
flooding and hurricanes, but the de-
cisions we make prior to events and
other decisions made afterward can
reduce the ultimate consequences
of the events by many times. He
points out that we need to pick care-
fully the areas we wish to defend,
but be prepared in other instances
to move out of harm'’s way or spend
the necessary funds for proper
engineering structures that really
might protect a city such as New
York or New Orleans. With respect
to New Orleans, Bea has a personal
history there. He states that he and
his family lost everything in Hur-
ricane Betsy in 1965, including all of
his memorabilia such as wedding
photographs, marriage license, and
so forth. He points out that 40 years
later, following Katrina, he went
back to the same place and, while
there was a new home built on the
site, people were again digging out
from the hurricane.That affected
him emotionally, as he realized that
we could do much more to prevent
disasters and catastrophes through
better planning, management, and
just plain fortitude in doing what is
necessary to save money down the
road. He points out that you can fix
an environment of a big city now,
or you can do it later when the cost
may be 100 times as much.

Bea also raised early the possi-
bility of an unusual storm that
would hit NewYork, and eventually
Superstorm Sandy devastated the
coastline. He had indicated earlier
that the city of New York could build
offshore barriers to protect the city
from storm surge, and that storm

One of the most environmentally sound adjust-
ments to hazards involves land-use planning. That is,
people can avoid building on floodplains, in areas
where there are active landslides, and in places where
coastal erosion is likely to occur. In many cities,

doors could cover openings to
underground systems and bridges.
In other words, he proposed flood-
proofing the city. If that had been
done, it probably would have cost
$15-20 billion, but the damages
from Superstorm Sandy total sev-
eral times that amount, and the city
remains vulnerable.

On the West Coast of the United
States, there is the large delta
system of the Sacramento River.
Levees are old and in poor repair,
but these levees protect the ninth-
largest economy in the world.
Should these fail, then millions of
people will be without power or
fresh water, perhaps for months.
Bea and other scientists have
pointed out that this could happen
at any time from a megaflood,
the likes of which last occurred
about 1860, or an earthquake, or a
combination of events. California
planners at the highest levels are
aware of the research that points
to a potential catastrophe, and
still nothing has been done. Is this
because the state simply doesn’t
have the money? Perhaps it's
because people just don’t believe
that such events will occur because
they have never seen them in their
lifetime. It seems as if California
is saying, “Yes, this could happen,
and we're simply going to bear the
loss.” According to Bea and others,
this is not an acceptable solution.
Solving the delta problem would
cost billions of dollars but nowhere
near the estimated cost should the
system fail. And rest assured that,
without some sort of maintenance
and a program to reestablish the

integrity of the system, it will even-
tually fail, and the losses could be
hundreds of times the cost of doing
a fix now.?*

Professor Bea has pointed out that
some of the major problems are re-
lated to people, institutions, compa-
nies, and government. Often people
and institutions take the easy road,
putting maintenance or solving a
problem of a critical area on the back
burner until an event happens—and
then everyone acts really surprised.
It may be a surprise to some, but not
to people like Bea, who study natu-
ral disasters and their occurrence.
Bea points out that it is not natural
events or engineering failures that
are the chief culprits producing
the catastrophes; rather, it is the
failure of human and organizational
systems along with, in some cases,
inadequate science, complicated by
conflicting egos and people being
too lazy to do the things they know
they should.The key to reducing
catastrophic events is not only to
better understand their occurrence
and the science behind the event but
also to greatly improve our institu-
tions, safety protocols, and disaster
preparedness that should take place
before, during, and after events. For
large cities and critical facilities such
as power plants, more attention
must go toward providing fixes for
potential catastrophes that, while
costly now, will save that cost many
times over when the unexpected
event occurs. Of course, these
events are not really surprising
or unusual, only perhaps rare,
but they should be expected and
planned for.

floodplains have been delineated and zoned for a par-
ticular land use. With respect to landslides, legal re-
quirements for soil engineering and engineering
geology studies at building sites may greatly reduce
potential damages. Damages from coastal erosion can
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be minimized by requiring adequate setback of build-
ings from the shoreline or sea cliff. Although it may be
possible to control physical processes in specific in-
stances, land-use planning to accommodate natural
processes is often preferable to a technological fix that
may or may not work.

Insurance is another option that people may exercise
in dealing with natural hazards. Flood insurance is
common in many areas, and earthquake insurance is
also available. Just because insurance is available, how-
ever, doesn’t mean it is practical (or ethical) to build in
an earthquake-prone area without careful engineering,
knowing that you will most likely have to use your in-
surance at some point. In fact, because of large losses
following the Northridge earthquake, several insurance
companies announced they would no longer offer the
insurance.

Evacuation is an important option or adjustment to
the hurricane hazard in the states along the Gulf of
Mexico and along the eastern coast of the United
States. Often, there is sufficient time for people to evac-
uate, provided they heed the predictions and warnings.
However, some people refuse to leave their homes, and
if people do not react quickly and the affected area is a
large urban region, then evacuation routes may be
blocked by residents leaving in a last-minute panic.

Disaster preparedness is an option that individuals,
families, cities, states, or even entire nations can imple-
ment. Of particular importance is the training of indi-
viduals and institutions to handle large numbers of
injured people or people attempting to evacuate an area
after a warning is issued.

Attempts at artificial control of natural processes such
as landslides, floods, and lava flows have had mixed
success. Seawalls constructed to control coastal ero-
sion may protect property to some extent, but over a
period of decades, they tend to narrow or even elimi-
nate the beach (see Chapter 11). Even the best-
designed artificial structures cannot be expected to
adequately defend against an extreme event, although
retaining walls and other structures to defend slopes
from landslides have generally been successful when
well designed. Even the casual observer has probably
noticed the variety of such structures along highways
and urban land in hilly areas. Structures to defend
slopes have a limited effect on the environment and are
necessary where artificial cuts must be excavated or
where unstable slopes impinge on human structures.
Common methods of flood control are channelization
and construction of dams and levees. Unfortunately,
flood control projects tend to provide floodplain resi-
dents with a false sense of security; no method can
completely protect people and their property from
high-magnitude floods (see Chapter 6).

An option chosen all too often is simply bearing the
loss caused by a natural disaster. Many people are opti-
mistic about their chances of making it through any
sort of disaster and, therefore, will take little action in
their own defense. This response is particularly true
for those hazards—such as volcanic eruptions and
earthquakes—that are rare in a given area. Regardless
of the strategy we use to minimize or avoid hazards, it
is imperative that we understand and anticipate them
and their physical, biological, economic, and social
effects.

1.4 CHECK your understanding

1. Describe the five fundamental concepts.
How is risk from natural hazards evaluated?

3. What is uniformitarianism, and how does it help
us understand natural hazards?

4. Differentiate among precursor events,
forecasting, predictions, and warnings.

5. Explain what is meant by the magnitude—
frequency concept.

6. Why are population growth and land use
important in understanding consequences of
natural hazards?

7. Differentiate between reactionary responses and
anticipatory responses.

8. When we say consequences of hazards are as
simple as A + B = C, what do we mean?

9. Explain Robert Bea’s message in his Professional
Profile.

10. Define what is meant by a wicked problem.

1.5 Many Hazards Provide a
Natural Service Function

It is ironic that the same natural events that take human
life and destroy property also provide us with impor-
tant benefits, sometimes referred to as natural service
functions. For example, periodic flooding of the
Mississippi River supplies nutrients to the floodplain
and creates the fertle soils needed for agriculture.
Flooding, which causes erosion on mountain slopes,
also delivers sediment to beaches and flushes pollutants
from estuaries in the coastal environment. Landslides
may bring benefits to people when the debris forms
dams, creating lakes in mountainous areas. Although
some landslide dams will collapse and cause hazardous
downstream flooding, if a dam remains stable, it can



provide valuable water storage and an important
aesthetic resource.

Volcanic eruptions have the potential to produce
real catastrophes but also provide us with numerous
benefits. They often create new land, as in the case of
the Hawaiian Islands, which are completely volcanic in
origin (Figure 1.14). Nutrient-rich volcanic ash may
settle on existing soils and quickly become incorpo-
rated, creating fertile soil suitable for both crops and
native plants. Earthquakes can also provide us with
valuable services. When rocks are pulverized during an
earthquake, they may form an impervious clay zone
known as fault gouge along a geological fault. In many
places, fault gouge has formed natural subsurface bar-
riers to groundwater flow; these barriers then pool wa-
ter or create springs that are important sources of
water. In addition, most of the hydrocarbon traps that
contain the world’s petroleum resources are produced
by deformation along faults that create large zones
where oil and gas accumulate, without which the
Industrial Revolution would never have happened
(Figure 1.15). Finally, earthquakes are important in
mountain building and, thus, are directly responsible
for many of the scenic landscapes of the western
United States.

1.5 CHECK your understanding

1. What is meant by the phrase natural service
functions?

2. List some examples of natural service functions
of hazards such as floods, earthquakes,
landslides, and volcanic eruptions.
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(b)

A FIGURE 1.14 New Land from Volcanic Eruption

New land being added to the island of Hawaii. (a) The cloud of
steam and acidic gases in the central part of the photograph is
where hot lava is entering the sea. (Edward A. Keller) (b) Close-up
of an advancing lava front near the gas cloud. (Edward A. Keller)

< FIGURE 1.15 Hydrocarbon Trap

Faulting in the Santa Barbara Channel has
produced a linear fault trap, along which oil rigs
at the surface are situated above. (Nik Wheeler/
Corbis)
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1.6 Global Climate Change
and Hazards

Global change in climate is one of the defining science
and social issues of the twenty-first century. The sci-
ence issues are largely settled; human processes (espe-
cially burning fossil fuel) is adversely impacting the
global climate system (see Chapter 12). In recent years,
we have seen the mass movement of people from agri-
culture areas of Syria suffering from serious drought
that lowers food production for cities. Apart from social
problems incurred by the mass immigration of people
to other regions, such as Western Europe and the
Americas, this has led to civil war.?’

Global warming, a symptom of climate change, is
likely affecting the incidence of hazardous natural
events such as storms, landslides, drought, and fires (see
Chapter 12). How might climatic change affect the
magnitude and frequency of these events? With global
warming, sea level is rising as the heating of seawater
expands the volume of the ocean, and glacial ice is melt-
ing. As a result, coastal erosion will increase. Climate
change may shift food production areas, as some places

receive more precipitation and others receive less.
Deserts and semiarid areas will likely expand, and
warmer northern latitudes could become more produc-
tive. Such changes could lead to global population
shifts, which might bring about wars or major social
and political upheavals.

Global warming is feeding more energy from warmer
ocean water into the atmosphere; this energy is likely to
increase the severity and frequency of hazardous weather,
such as thunderstorms and tornadoes, and increase the
intensity of hurricanes. In fact, this trend may already be
underway—an analysis of global extreme-weather events
by a United Nations panel indicates that since the 1950s
there has been an increase in heavy precipitation events
in midlatitude regions and, since the 1970s, a likely
increase in the intensity of hurricanes.”®

1.6 CHECK your understanding

1. In what ways might global climate change
influence the occurrence of natural hazards such
as coastal erosion, extreme weather events, and
droughts?

CONCEPTS in review

1.1 Why Studying Natural Hazards Is

Important

LO:1 Explain the difference between a disaster and a
catastrophe.

= Natural hazards are responsible for causing significant death
and damage worldwide each year. Processes that cause hazard-
ous events include those internal to the Earth, such as volcanic
eruptions and earthquakes that result from Earth’s internal heat,
and those external to the Earth, such as hurricanes and global

warming, which are driven by energy from the sun.

= Natural processes may become hazards, disasters, or catastrophes
when they interact with human processes.

= Central to an understanding of natural hazards is awareness that
hazardous events result from natural processes that have been in
operation for millions and possibly billions of years before hu-
mans experienced them. These processes become hazards when
they threaten human life or property and should be recognized
and avoided.

KEY WORDS

catastrophe (p. 5), disaster (p. 5), natural
hazard (p. 5)
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1.2 The Role of History in Understanding Hazards

L0:2 Discuss the role of history in the understanding of natural hazards.

Hazards involve repetitive events. Thus, a study of the history of these events provides much-needed information for
hazard reduction. A better understanding and more accurate predictions of natural hazards comes from integrating
historic and prehistoric information, present conditions, and recent past events, including land-use changes.

1.3 The Geologic Cycle

L0:3 Discuss the components and processes of the geologic
cycle.

Geologic conditions and materials largely govern the type,
location, and intensity of natural processes. The geologic cycle
creates, maintains, and destroys earth materials by physical,
chemical, and biological processes.

Subcycles of the geologic cycle are the tectonic cycle, rock cycle,
hydrologic cycle, and various biogeochemical cycles. The tectonic
cycle describes large-scale geologic processes that deform Earth’s
crust, producing landforms such as ocean basins, continents, and
mountains. The rock cycle may be considered a worldwide Earth
material recycling process driven by Earth’s internal heat, which
melts the rocks subducted in the tectonic cycle. Driven by solar
energy, the hydrologic cycle operates by way of evaporation,
precipitation, surface runoff, and subsurface flow of water. Bio-
geochemical cycles can most easily be described as the transfer of
chemical elements through a series of storage compartments or
reservoirs, such as air or vegetation.

1.4 Fundamental Concepts for
Understanding Natural Processes
as Hazards

L0:4 Apply the scientific method to a natural hazard of your choice.
L0:5 Synthesize the basics of risk assessment.

L0:6 Explain how much of the damage caused by natural
hazards is often related to decisions people make before,
during, and after a hazardous event.

L0:7 Explain why the magnitude of a hazardous event is
inversely related to its frequency.

L0:8 Summarize how natural hazards are linked to one another
and to the physical environment.

L0:9 Give reasons why increasing population and poor land-use
practices compound the effects of natural hazards and can
turn disasters into catastrophes.

KEY WORD
geologic cycle (p. 10)

KEY WORDS

environmental unity (p. 15), forecast

(p. 15), land-use planning (p. 27),
magnitude—frequency concept (p. 23),
prediction (p. 15), risk (p. 19),
uniformitarianism (p. 14), warning (p. 18)
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= Five fundamental concepts establish a philosophical framework
for studying natural hazards:

1. Hazards are predictable from scientific evaluation.

2. Risk analysis is an important component in our understanding
of the effects of hazardous processes.

3. Linkages exist between different natural hazards, as well as
between hazards and the physical environment.

4. Hazardous events that previously produced disasters are now
producing catastrophes.

5. Consequences of hazards can be minimized.

= Environmental unity states that one action often leads to others
in a sequence (you can’t do just one thing).

® Human population growth and poor land-use decisions are turn-
ing former disasters into catastrophes.

= The magnitude—frequency concept states that the larger the
magnitude of a natural process, the less frequently it occurs.

= Consequences of a natural hazard event such as a flood, hurri-
cane, or earthquake can produce loss of life and property. Human
decisions and actions before, during, and after a hazardous event
can greatly increase or decrease the consequences.

1.5 Many Hazards Provide a Natural
Service Function

L0O:10 Explain how events we view as hazards provide natural
service.

® Natural service functions refer to benefits provided by a particular
process; for example, flooding provides fertile floodplain soil, and
volcanic eruption produces new land.

1.6 Global Climate Change and Hazards

L0:11 Summarize links between climate change and natural hazards.

= Global climate change with global warming will likely affect the
frequency and intensity of thunderstorms and tornadoes and the
intensity of hurricanes. Rising sea level will increase coastal erosion.

= With global warming, deserts and semiarid regions will expand, and
droughts will be more common.

= With warming, the frequency and intensity of wildfire will both
likely increase.



CRITICAL thinking questions

1. How would you use the scientific method to test the
hypothesis that sand on the beach comes from the
nearby mountains?

2. It has been argued that we must control human
population because otherwise we won’t be able to
feed everyone. Even if we could feed 10 to 15 billion
people, would we still want a smaller population?
Why or why not?

3. Considering that events we call natural hazards
are natural processes that have been occurring on
Earth for millions of years, how do you think we
should go about trying to prevent loss of life from
these events? Think about the choices society
has in terms of attempting to control and pre-
vent hazards or attempting to keep people out of
harm’s way.

4, Provide an example or two that support the hypoth-
esis that human processes and the appropriate and
inappropriate decisions that people make are poten-
tially more important to total losses from a hazardous
event than the natural event itself.
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In about 20 million years the
cities will be side

by side

APPLYING the

fundamental concepts
Two Cities on a Plate
Boundary

Science helps us predict hazards.

Like the way scientific investiga-
tion of the San Francisco earth-
quake led to an understanding of
the earthquake hazard of the San
Andreas fault, Plate Tectonic Theory,
developed in the 1960s, provided a
testable model from which scien-
tists could understand the distribu-
tion and predict the occurrences of
several destructive natural geologic
hazards linked to plate tectonics.

Knowing hazard risks can help
people make decisions.

Although the internal structure of
Earth and plate tectonics are not
natural hazards in a strict sense,
many of the most destructive
natural hazards are directly and
indirectly related, and therefore
understanding these processes can
help guide your decisions in how
to minimize your risk from related
natural hazards.
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Internal Structure
of Earth and
Plate Tectonics

California straddles the boundary between two tectonic plates. That
boundary between the North American and Pacific plates is the notori-
ous San Andreas fault (Figure 2.1). A fault is a fracture along which one
plate has moved relative to the other, and the San Andreas fault is a
huge zone of fracturing hundreds of kilometers long. Two major cities,
Los Angeles to the south and San Francisco to the north, are located
on opposite sides of this fault. In 1906, movement on the San An-
dreas fault caused a major earthquake that devastated San Francisco,
destroying about 80 percent of the city and killing 3,000. At that time,
earthquakes were not understood and most believed they resulted
from underground explosions. However, scientific investigations of

< SAN FRANCISCO FOLLOWING THE 1906 EARTHQUAKE

Fires, set off by earthquake ruptured gas mains, raged across the city for days
following the 1906 earthquake. More than 25,000 buildings were destroyed by
the fires including those in the financial district, shown here. (NARA National
Archives and Records Administration, Photographer: Chadwick, H. D.)

(4]

The surface of Earth would be much
different—relatively smooth, with
monotonous topography—if not
for the active tectonic processes
within Earth that produce earth-
quakes, volcanoes, mountain chains,
continents, and ocean basins. In this
chapter, we focus directly on the
interior of Earth.

After reading this chapter, you
should be able to:

L0O:1 Describe the basic internal
structure and processes of Earth.
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L0:2 Summarize the various lines
of evidence that support the theory of plate

tectonics.

L0:3 Compare and contrast the different

types of plate boundaries.

L0:4 Explain the mechanisms of plate

tectonics.

LO:5 Outline how plate tectonics has
changed the appearance of Earth’s surface
over time.

L0:6 Compare and contrast the two
fundamental processes that drive plate

tectonics.

LO:7 Link plate tectonic processes to
natural hazards.

(5]

Linkages exist between natural
hazards.

The movement of tectonic plates is
directly linked to earthquakes and
most volcanic activity. These hazards
are in turn linked to tsunamis and
mass wasting and, because plate
tectonics is responsible for creating
high topography, plate movement is
indirectly linked to weather patterns
and severe weather, flooding, ero-
sion, and climate change.

Humans can turn disastrous
events into catastrophes.

In 1906, the combined population of
San Francisco and Los Angeles was
less than 1 million. Today, more than
17 million people live in these two
cities at the boundary between the
Pacific and North American plates.
When the “Big One” does strike,
population growth alone may be
responsible for a catastrophe.

Consequences of hazards can be
minimized.

As with California’s strict building
codes, which enable man-made
structures to withstand ground
shaking from earthquakes, in the fol-
lowing chapters you will learn that
the consequences of other hazards
associated with plate tectonics can
be minimized.

37
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the 1906 earthquake led to the identification of the San
Andreas fault and a new understanding of the cause of
earthquakes and consequent ground shaking.

Many of the moderate to large earthquakes in
the Los Angeles area are on faults related to the San
Andreas fault system. Most of the beautiful mountain
topography in coastal California near both cities is a
direct result of processes related to movement on the
fault. However, this beautiful landscape comes at a high
cost to society. Since 1906, earthquakes on the San
Andreas fault system or on nearby faults, undoubtedly
influenced by the plate boundary, have cost hundreds of
lives and many billions of dollars in property damage.
Constructing buildings, bridges, and other structures in
California is more expensive than elsewhere because
these must be designed to withstand ground shaking

Internal Structure of Earth and Plate Tectonics

< FIGURE 2.1 San Andreas
Fault

False color topographic map of the
western United States showing the
location of the San Andreas fault in
California. Red arrows show rela-
tive plate motions on either side of
the fault. (Based on R. E. Wallace/
National Earthquake Information
Center. U.S.G.S.)

ALt

caused by earthquakes. Older
structures must be retrofitted—
changes made to their
structure—to withstand the
shaking, and many people
purchase earthquake insurance
in an attempt to protect them-
selves from “the Big One.”

Los Angeles is on the Pacific
plate and is slowly moving
toward San Francisco, which is
on the North American plate.

In about 20 million years, the
cities will be side by side.
If people are present, they

"~ ymaco L\ might be arguing over which

is a suburb of the other. Of
course, there will still be a plate
boundary between the Pacific
and North American plates 20 million years from now,
because large plates have long geologic lives, on the
order of 100 million years. However, the boundary may
not be the San Andreas fault. The plate boundary will
probably have moved eastward, and the topography of
what is now California may be somewhat different. In
fact, some earthquake activity, such as the large 1992
Landers earthquake east of the San Andreas fault, may
mark the beginning of a shift in the plate boundary.
The Five Fundamental Concepts introduced in
Chapter 1 are applied here to our discussion of dam-
aging earthquakes on the San Andreas fault, which
result from the movement of tectonic plates (see
Applying the Fundamental Concepts, above). Each
of the following chapters will similarly begin with an
example of applying the fundamental concepts to an



introductory case study, and at the end of each chap-
ter the case study will be revisited in detail and you
will have an opportunity to apply the five fundamental
concepts yourself.

2.1 Internal Structure of Earth

Earth is a complex dynamic planet with a layered inter-
nal structure that in some ways resembles a chocolate-
covered cherry. That is, Earth has a rigid outer shell, a
solid center, and a thick layer of gooey material between
the two that moves around as a result of dynamic inter-
nal processes. These internal processes have incredibly
important impacts on the surface of Earth. They are re-
sponsible for the largest landforms: continents and ocean
basins. The configuration of the continents and ocean
basins in part controls the oceans’ currents and the dis-
tribution of heat carried by seawater in a global system

Hydrosphere
{iquid) Atmosphere

(gas)

Upper

mantle

A FIGURE 2.2 Earth and Its Interior

PHYSICAL PROPERTIES

A s Layers on the left side are based on
factors such as whether the layer is
liquid or solid, weak or strong.
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that affects climate, weather, and the distribution of plant
and animal life on Earth. Finally, Earth’s internal pro-
cesses are also responsible for regional landforms includ-
ing mountain chains, chains of active volcanoes, and
large areas of elevated topography, such as the Tibetan
Plateau and the Rocky Mountains. The high topography
that includes mountains and plateaus significantly affects
both global circulation patterns of air in the lower atmo-
sphere (weather) and longer-term climate patterns,
thereby directly influencing all life on Earth. Thus, our
understanding of the internal processes of Earth is much
more than simply academic interest. These processes are
at the heart of producing the multitude of environments
shared by all living things on Earth.

Earth Layers Earth has a radius of about 6370 km
(~3960 mi.). The internal layers of Earth are shown and
described in Figure 2.2. We can consider the internal
structure of Earth in two fundamental ways:

LAYERING BY LAYERING BY

CHEMICAL COMPOSITION

The right side of this cross section
shows that there are three different
layers based on differences in
composition.

] Crust
thhosphef? (low density rock
100 km thick 7-70 km thick)
(Strong) 3.0 g/cm®

(b)

(a) Idealized diagram showing the internal structure of Earth and its layers extending from the center to the sur-
face. (b) Notice that the lithosphere is a strong layer that includes the entire crust and part of the upper mantle.
The asthenosphere, located entirely within the mantle, is a weak layer.
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1. By composition and density (heavy or light).

2. By physical properties (e.g., solid or liquid, weak or
strong).

Our discussion will explore the two ways of looking at
the interior of our planet. Some of the basic compo-
nents of Earth’s structure' are:

> A solid inner core more than 1200 km (~750 mi.)
thick, roughly the size of the moon but with a
temperature about as high as the temperature of
the surface of the sun.” The inner core is believed
to be primarily metallic, composed mostly of iron
(about 90 percent by weight), with minor
amounts of elements such as sulfur, oxygen, and
nickel.

> A liquid outer core with a thickness of just over
2200 km (~1370 mi.) and a composition similar to
that of the inner core. The average density of the
inner and outer core is approximately 10.7 grams
per cubic centimeter (~0.39 pound per cubic
inch). The maximum near the center of Earth is
about 13 g/cm® (~0.47 Ib/in.?). By comparison, the
density of water is 1 g/cm’® (~0.04 1b/in.?) and the
average density of Earth is approximately 5.5 g/cm’
(~0.2 Ib/in.?).

> The mantle, nearly 2900 km (~1800 mi.) thick,
surrounds the outer core and is composed mostly
of solid iron- and magnesium-rich silicate rocks.
The average density of the mantle is approximately
4.5 g/cm? (~0.16 1b/in.?), which is less than half that
of the underlying core.

> The crust, with variable thickness, is the outer
rock layer of Earth. The boundary between the
mantle and crust is known as the Mohorovi¢i¢
discontinuity (also called the Moho). The Moho
separates the lighter rocks of the crust, which have
an average density of approximately 3.0 g/cm?
(~0.10 1b/in.?), from the more dense rocks of the
mantle below.

Continents and Ocean Basins Have Significantly
Different Properties and History Within the upper-
most portion of the mantle, near the surface of Earth, our
terminology becomes more complicated. For example,
the cool, strong outermost layer or sphere of Earth is also
called the lithosphere (/ithos means “rock”). It is much
stronger and more rigid than the material underlying it
the asthenosphere (asthenos means “without strength”),
which is a hot and slowly flowing layer of relatively weak
rock (Figure 2.2). The lithosphere averages about 100 km
(~62 mi.) in thickness, ranging from a few kilometers (~1
to 2 mi.) thick beneath the crests of mid-ocean ridges to

Internal Structure of Earth and Plate Tectonics

about 120 km (~75 mi.) beneath ocean basins and 20 to
400 km (~13 to 250 mi.) beneath the continents. The crust
is embedded in the top of the lithosphere. Crustal rocks
are less dense than the mantle rocks below, and oceanic
crust is slightly denser than continental crust. Oceanic
crust is also thinner: The ocean floor has a uniform crustal
thickness of about 6 to 7 km (~3.7 to 4.4 mi.), whereas the
crustal thickness of continents averages about 35 km
(~22 mi.) and may be up to 70 km (~44 mi.) thick beneath
mountainous regions. Thus, the average crustal thickness
is less than 1 percent of the total radius of Earth and can
be compared to the thin skin of a tangerine. Yet it is this
layer that is of particular interest to us because we live at
the surface of the continental crust.

In addition to differences in density and thickness,
continental and oceanic crusts have very different geo-
logic histories. Oceanic crust of the present ocean ba-
sins is less than approximately 200 million years old,
whereas continental crust may be several billion years
old. Three thousand kilometers (~1865 mi.) below us, at
the core-mantle boundary, processes may be occurring
that significantly affect our planet at the surface.
Scientists speculate that gigantic cycles of convection
occur within Earth’s mantle, rising from as deep as the
core—mantle boundary up to the surface and then falling

-
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A FIGURE 2.3 Convection

Annotated photograph of a lava lamp illustrating the concept of
convection. Heating at the base of the lamp causes the wax to
rise buoyantly due to a decrease in density. Away from the heat
source, the wax cools and becomes more dense, sinking back to
the bottom and completing the convection cell.



back again. The concept of convection is illustrated by
using a lava lamp (Figure 2.3). In the base of the lamp is
a light bulb that provides heat to the so-called lava in
the lamp, which is actually a type of wax. Heating causes
the wax at the bottom of the lamp to expand, which low-
ers its density. Once the density of the wax is less than
that of the fluid in the lamp, it will rise toward the top.
As it rises and moves away from the heat source, the wax
cools, begins to contract, and its density increases. Once
its density is greater than that of the fluid it will sink
towards the bottom, where it will be heated again and
the process is repeated. This temperature-driven circu-
lation is known as a conwvection cell.

Although it is a bit more difficult to comprehend
convection cells operating in solid rock, it has been sug-
gested that convection cells operate within Earth’s
mantle. Mantle convection is fueled by Earth’s internal
heat, which results from the original heat of formation
of the planet, heat generated by crystallization of the
core, and heat supplied by radioactive decay of ele-
ments (such as uranium) scattered throughout the man-
tle. A complete convection cycle in the mantle may take
as long as 500 million years.! The simplest way to un-
derstand mantle convection is to understand plate tec-
tonics, which can be thought of as the surface
manifestation of this process.

2.1 CHECK your understanding

1. What are the major differences between the
inner and outer cores of Earth?

2. In what ways are the major properties of the
lithosphere different from those of the
asthenosphere?

2.2 Plate Tectonics

The term tecronics refers to the large-scale geologic pro-
cesses that deform Earth’s lithosphere, producing land-
forms such as ocean basins, continents, and mountains.
Tectonic processes are driven by forces within Earth.
These processes are part of the tectonic system, an im-
portant subsystem of the Earth system.

MOVEMENT OF THE TECTONIC PLATES

The lithosphere is broken into large pieces called /itho-
spheric plates or tectonic plates® that are in motion due to
the weak character of the underlying asthenosphere,
which is able to flow. The world map in Figure 2.4a
shows the locations and names of the major tectonic

2.2 Plate Tectonics )|

plates; the red arrows indicate the relative movement of
each plate with respect to any adjacent plate. Processes
associated with the creation, movement, and destruc-
tion of these plates are collectively known as plate tec-
tonics. Plate tectonics is responsible for several of the
most devastating natural hazards discussed in this book,
including earthquakes and volcanoes.

It is important to notice that all of the major plates
include both a part of a continent and a part of an
ocean basin (Figure 2.4a). Even the Pacific plate,
which is mostly composed of oceanic lithosphere, in-
cludes a small piece of the North American continent,
as discussed earlier (see Figure 2.1). Some plates are
very large and some are relatively small, although they
are all significant on a regional scale. For example, the
Juan de Fuca plate off the Pacific Northwest coast of
the United States (Figure 2.4a), which is relatively
small, is responsible for many of the earthquakes in
northern California and all of the volcanoes in Oregon
and Washington. Because there is relative movement
between the edges of adjacent lithospheric plates,
plate boundaries are geologically active areas.
Specifically, most earthquakes are associated with
plate boundaries, and the edges of plates can easily be
identified by plotting the distribution of global seis-
micity on a world map (Figure 2.4b). Over geologic
time, plates are formed and destroyed, cycling materi-
als from the interior of Earth to the surface and back
again at these boundaries. The continuous recycling of
tectonic plates is collectively called the tecronic cycle.

Plate Tectonic Theory As the rigid lithospheric
plates move over the asthenosphere, they carry the
continents embedded within them.* The idea that
continents move is not new; it was first suggested by
German scientist Alfred Wegener in 1915. His pri-
mary evidence for continental drift was based on the
congruity of the shape of continents, and the similar-
ity in the fossils found in South America and Africa,
which are now separated by the Atlantic Ocean (see
Section 2.4). Although Wegener’s hypothesis was cor-
rect, it was not taken seriously because he could not
explain the mechanism by which the continents
drifted around Earth’s surface. The explanation came
to light in the late 1960s, when seafloor spreading
was discovered. In seafloor regions called mid-ocean
ridges or spreading centers, tectonic plates move
away, or diverge from one another. Divergence causes
the plates to grow because hot rock from Earth’s inte-
rior rises to fill the void space and then cools, adding
new oceanic lithosphere to the plate edge (Figure 2.5).
While oceanic lithosphere is created along some plate
boundaries (spreading centers), it is destroyed at oth-
ers, where cool, dense lithosphere sinks into the
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asthenosphere at subduction zones (Figure 2.5). | zones. Because the rate of production of new litho-
Thus, continents do not move through oceanic crust; | sphere at spreading centers is balanced by consump-
rather, they are carried along with it as the crust moves | tion at subduction zones, the size of Earth remains
either away from spreading centers or toward subduction | constant, neither growing nor shrinking.

a)

L ¥ Convergent ~ Transform  ~._ Uncertain
plate boundary fault >~ plate boundary

\ Divergent ‘ Subduction 33 Direction of plate movement
spreading ridge zone => (relative motion in mm/yr)

(b)

A Volcanoes
e Earthquakes

A FIGURE 2.4 Earth’s Plates

(a) Map showing the major tectonic plates, plate boundaries, and direction of relative plate movement.

(b) Map showing location of volcanoes and earthquakes. Notice the strong correlation between the locations of
earthquakes and volcanoes on this map and the locations of plate boundaries in (a). (Based on Christopherson, R.,
Geosystems, 2nd ed. Englewood Cliffs, NJ, 1994; Macmillan and Hamblin, W. K., Earth’s Dynamic Systems, 6th ed.
New York: Macmillan, 1992)
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Continental
rift valley

Continental
lithosphere

Block diagram illustrating important plate tectonic features. New oceanic lithosphere is being produced at the
mid-ocean ridge (divergent plate boundary). Elsewhere, oceanic lithosphere returns to the interior of Earth at a

subduction zone (convergent plate boundary).

Sinking Plates Generate Volcanoes and
Earthquakes The concept of a lithospheric plate
sinking into the upper mantle at a subduction zone is
shown in detail in Figure 2.6. Interaction between
the cold down-going, or subducting, oceanic crust
and the hot asthenosphere causes rocks at a depth of
about 150 km (~90 mi.) to begin melting, generating
large volumes of molten rock called magma (see
Chapter 5). The less dense magma rises to the surface
through the overriding plate, producing a chain of
volcanoes along the subduction zone, These volcanic
chains, like the one that rings the Pacific Basin, are
known as a volcanic arc. The path of the descending
plate (or slab, as it sometimes is called) into the upper
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mantle is clearly marked by earthquakes. As the oce-
anic plate subducts, earthquakes are produced both
between it and the overriding plate and within the
interior of the subducting plate. Earthquakes occur
because the sinking lithospheric plate is relatively
cooler and stronger than the surrounding astheno-
sphere; this difference causes rocks to break and seis-
mic energy to be released (see Chapter 3).
Descending plates may enter a subduction zone at
very shallow or nearly vertical angles. Scientists can de-
termine this angle by plotting the locations of shallow,
intermediate, and deep earthquakes that occur in the
down-going slab (Figure 2.6). These inclined planes of
earthquakes are called Wadati-Benioff zones. The

< FIGURE 2.6 Subduction
Zone

Idealized diagram illustrating
the linkage between subduction
zone processes and the occur-
rence of volcanoes and earth-
quakes. Interaction between the
subducting oceanic lithosphere
causes melting and volcanism
on Earth'’s surface. Destructive
earthquakes are common at
subduction zones and occur
over a broad range of depths.
The inclined array of earthquake
foci from shallow to deep that
delineates the descending
lithospheric plate is known as
the Wadati-Benioff zone (named
after the two scientists who
discovered it).

Upper mantle
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very existence of Wadati-Benioff zones is strong evi-
dence that subduction of rigid “breakable” lithosphere
is occurring.’

Plate Tectonics Is a Unifying Theory The theory
of plate tectonics is to geology what Darwin’s origin of
species is to biology: a unifying concept that explains an
enormous variety of phenomena. Biologists now have
an understanding of evolutionary change; geologists
understand how Earth works: the direction of plate
movement, distribution of earthquakes and volcanoes,
similarities among fossils on different continents, and
changes in Earth’s magnetism. In geology, we are still
seeking the exact mechanism that drives plate tectonics,
but we think it is most likely convection within Earth’s
mantle (see Section 2.1).

Figure 2.7 illustrates hypothetical convection cells that
may drive plate tectonics, where hot molten rocks from
deep in Earth’s mantle buoyantly rise toward the base of
the lithosphere. Divergence of the plates along mid-ocean
ridges causes some magma to leak out onto the seafloor
and hot rocks below the surface to cool, adding new oce-
anic lithosphere to the edge of the plates. Over the next
10-200 million years this newly formed oceanic litho-
sphere will be eventually conveyed away from its source
of heat at the divergent plate boundary and will cool.
Once the ocean lithosphere has cooled enough so that its
density is similar to that of the underlying asthenosphere,
it will be able to sink back down into the mantle at a sub-
duction zone, completing the convection cell (Figure 2.7).

Mid-oceanic ridge

Subduction _
zone

manﬂke \

Outer core

Inner core

Lithosphere
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TYPES OF PLATE BOUNDARIES

There are three basic types of plate boundaries—
divergent, convergent, and transform—which are defined
by the relative movement of the plates on either side of
the boundary (see Figure 2.4a and Table 2.1). These
boundaries are not narrow cracks, as shown on maps and
diagrams,’ but are zones that range from a few to hun-
dreds of kilometers across. Plate boundary zones are nar-
rower in oceanic crust and broader in continental crust.
Divergent boundaries occur where neighboring
parts of plates are moving away from each other and
new lithosphere is being produced. Typically this pro-
cess, called seafloor spreading, occurs at mid-ocean
ridges. Mid-ocean ridges form when hot material from
the mantle rises up to form a broad ridge, typically with
a central rift valley. It is called a 7ift valley, or rift, be-
cause the plates are diverging, pulling the lithosphere
apart and splitting, or rifting, it. The system of mid-
ocean ridges along divergent plate boundaries forms
linear submarine mountain chains that are found in vir-
tually every ocean basin on Earth (Figure 2.8). Although
the peaks of the mountain chain are as high as 2500
meters (~8200 ft.) above the surrounding seafloor, this
range is completely concealed below sea level, except
on the island of Iceland (see Chapter 5). The mid-ocean
ridge mountain chain may not contain the tallest moun-
tains, but with a length of 65,000 km (~40,400 mi.) this
submarine range is 10 times longer than any mountain
range on land. Although much less common, divergent
plate boundaries and rift valleys can develop above sea

< FIGURE 2.7 Plate Movement
Model of plate movement and
mantle convection. The outer layer
(or lithosphere) is approximately
100 km (~62 mi.) thick and is
stronger and more rigid than the
underlying asthenosphere, which
is a hot and slowly flowing layer
of relatively low-strength rock.The
mid-ocean ridge is a spreading
center where plates pull apart,
drawing up hot, buoyant material
into the gap. Conveyed away from
the ridge, the plates cool and
\ become dense and are able to
descend back into the mantle at
subduction zones, completing the
convection system. (From Grand,
S. P, “Mantle Shear Structure
Beneath the Americas and Sur-
rounding Oceans,” Journal of Geo-
physical Research 99: 11591-621,
1994. Based on Hamblin, W. K.,
Earth’s Dynamic Systems, 6th ed.
New York: Macmillan, 1992.)

Subduction
zone




V TABLE 2.1 Types of Plate Boundaries: Dynamics, Results, and Examples

Plate Plates Dynamics Results

Boundary Involved

Divergent Usually Spreading. Mid-ocean ridge
ocean The two plates forms and new

move away oceanic litho-
from each other  sphere is created
and molten and added to
rock rises up to each plate.
fill the gap.
Convergent Ocean— Oceanic plate A volcanic
(subduction) continent sinks beneath continental arc
continental and deep trench
plate. are formed.
Earthquakes and
volcanic activity
are found here.

Convergent Ocean- Older, denser, A volcanic island

(subduction) ocean oceanic plate arc and deep

sinks beneath trench is formed.
younger, less Earthquakes and
dense oceanic volcanic activity
plate. are found here.

Convergent Continent— Neither plate is A large, high

(collision) continent dense enough mountain chain

to sink into the is formed, and
asthenosphere; earthquakes are
compression common.
results.

Transform Ocean- The plates Earthquakes are
ocean or slide past one common and
continent— another. may result in
continent some topograph-

ic changes.
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Examples

Mid-Atlantic Ridge,
which defines the
African and North
American plate bound-
ary (Figure 2.8).

Andes Mountains, a
continental volcanic
chain formed at the
Nazca and South
American plate
boundary (Figure 2.4a).

Caribbean Islands,

an ocean island arc
formed at the boundary
between the Caribbean
and South American
plates (Figure 2.4a).

Himalayan Mountains,
the result of collision
and shortening between
the Indo-Australian

and Eurasian plates
(Figure 2.4a).

San Andreas fault, which
defines the boundary
between the North
American and Pacific
plates (Figure 2.11).

Natural Hazards

Light to moder-
ate earthquakes
and nonexplo-
sive volcanic
eruptions

Great earth-
quakes; explo-
sive volcanic
eruptions; tsu-
namis, flooding,
mass wasting,
and subsidence

Great earth-
quakes; explo-
sive volcanic
eruptions; tsu-
namis, flooding,
mass wasting,
and subsidence

Major earth-
quakes, flood-
ing, and mass
wasting

Strong to major
earthquakes

level on continents, such as the Great Rift Valley in east
Africa (see Figure 2.4a and Figure 2.8).

Convergent boundaries occur where plates move
toward each other. If one of the converging plates is
oceanic and the other is continental, an oceanic—
continental plate collision results. The higher-density
oceanic plate descends, or subducts, into the mantle be-
neath the leading edge of the continental plate, produc-
ing a subduction zone (Figure 2.9a). The convergence
or collision of a continent with an ocean plate can result
in compression. Compression is a type of stress, or force
per unit area. When an oceanic-continental plate colli-
sion occurs, compression is exerted on the lithosphere,
resulting in shortening of the surface of Earth, like
pushing a tablecloth to produce folds. Shortening can
cause folding, as in the tablecloth example, and faulting,
or displacement of rocks along fractures to thicken the
lithosphere. This process of deformation produces ma-
jor mountain chains and volcanoes such as the Andes in
South America and the Cascade Mountains in the U.S.
Pacific Northwest.

If two oceanic lithospheric plates collide (oceanic-
to-oceanic plate collision), one plate subducts be-
neath the other, and a subduction zone and arc-shaped
chain of volcanoes known as an island arc are formed
(Figure 2.9b) as, for example, the Aleutian Islands of
the North Pacific. A submarine trench, a relatively
narrow (usually several thousand km long and sev-
eral km deep) depression on the ocean floor, is often
formed as the result of the convergence of two collid-
ing plates with subduction of one. The trench is lo-
cated seaward of a subduction zone associated with an
oceanic—continental plate or on the side of the down-
going plate in an oceanic-oceanic plate collision (see
Figure 2.9a and b). Submarine trenches are sites of
some of the deepest oceanic waters on Earth. For ex-
ample, the Marianas Trench at the center edge of the
Philippine plate has a depth of 11 km (~7 mi.), which
is deep enough for Mount Everest to fit into. Other
major trenches include the Aleutian Trench south of
Alaska and the Peru-Chile Trench west of South
America.
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S
Antarctica

A FIGURE 2.8 Mid-Ocean Ridge System

Topographic map of the world’s ocean basin emphasizing the tectonic significance of mid-ocean ridge
divergent plate boundaries. Note that the ridges are not continuous but are composed of thousands of indi-
vidual spreading centers connected by transform faults that are perpendicular to the ridges. (World Ocean
Floor Panorama by Bruce C. Hezeen and Marie Tharp. Copyright by Marie Tharp 1977/2003. Reproduced by
permission of Marie Tharp Maps, LLC 8 Edward Street, Sparkill, New York 10976.)

Volcanic island arc

< FIGURE 2.9
Convergent Plate
Trench— & Boundaries

Oceanic crust,, Idealized diagram illustrat-
; ing characteristics of three
types of convergent plate
boundaries.

Volcanic continental arc

Oceanic crust

(q) O (P of 1) +~1 B A, y (b) O Te-0) ic R A,
When oceanic and continental plates converge, the oceanic When a convergent boundary ﬁ)rms between plates of
plate must subduct beneath the continental plate because the oceanic lithosphere, the plate that is older, thicker, and
density of thick continental crust is too low fo permit it to sink denser subducts the less dense plate.

into the asthenosphere.

Trench— 2 (c) Conti LCarbinsntal B d

: { Subduction of ocean lithosphere inevitqu leads to
\Oceanic crustl P convergence of continents (upper punel). Because continents

are too buoyant fo subduct, high mountains develop as the
continents are forced upwards in the collision zone
(lower panel).



A FIGURE 2.10 Mountains in Italy

Mountain peaks (the Dolomites) in northern Italy are part of the
Alpine mountain system formed from the collision between
Africa and Europe. (Edward A. Keller)

If the leading edges of both plates contain relatively
light, buoyant continental crust, subduction into the
mantle of one of the plates is difficult. In this case, a
continent—continent plate collision occurs, in which the
edges of the plates collide, causing shortening and
lithospheric thickening due to folding and faultng
(Figure 2.9c). Where the two plates join is known as a
suture zone. Continent—continent collision has produced
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some of the highest mountain systems on Earth, such as
the Alpine and Himalayan mountain belts (Figure 2.10).
Many older mountain belts were formed in a similar
way; for example, the Appalachians in the eastern United
States which formed during an ancient continent—
continent plate collision 250 to 350 million years ago.

Transform boundaries, or transform faults, occur
where the edges of two plates slide past each other, like
the San Andreas faultin California shown in Figure 2.11.
If you examine Figure 2.8, you will see that a mid-ocean
ridge is not a single, continuous rift but a series of rifts
that are offset from one another along connecting
transform faults. Although the most common locations
for transform plate boundaries are within oceanic crust,
some occur within continents. A well-known continen-
tal transform boundary is the San Andreas fault in
California, where the rim of the Pacific plate is sliding
horizontally past the rim of the North American plate
(see Figure 2.1 and Figure 2.11).

Locations where three plates border one another are
known as triple junctions. Figure 2.11 shows several
such junctions: Two examples are the meeting point of
the Juan de Fuca, North American, and Pacific plates
on the West Coast of North America (this is known as
the Mendocino triple junction) and the junction of the
spreading ridges associated with the Pacific, Cocos, and
Nazca plates west of South America.

' I .
" PACIFIC PLATE

PLATE
5 NORTH E
N AMERICAN /
53 % San An%reas PLATE ~ !
PACIFIC <=t F ; '
OCEAN  JUAN DE FUCA “ ! / OUTH
PLATE 35 : AMERICAN

AFRICAN
PLATE

ATLANTIC
OCEAN

CARIBBEAN %,

U Subduction zone

$3 Plate motion (rate in mm/yr)
Spreading center

~ Transform fault

35 Direction of relative displacement
== on transform fault (rate in mm/yr)

Junction

A FIGURE 2.11 North American Plate Boundary

Detail of boundary between the North American plate and Pacific plate. (Based on information by Tanya Atwater)
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RATES OF PLATE MOTION

Plate Motion Is a Fast Geologic Process The
directions in which plates move are shown on
Figure 2.4a. In general, plates move a few centimeters
per year, about as fast as some people’s hair and finger-
nails grow. The Pacific plate moves past the North
American plate along the San Andreas fault about 3.5 cm
(~1.4 in.) per year, so that features such as rock units or
streams are gradually displaced over time where they
cross the fault (Figure 2.12). During the past 5 million
years, there has been about 175 km (~110 mi.) of dis-
placement, a distance equivalent to driving two hours at
55 mph (~90 kph) on a highway along the San Andreas
fault. Although the central portions of the plates move
along at a steady slow rate, plates interact at their bound-
aries, where collision or subduction or both occur, and
movement may not be smooth or steady. The plates of-
ten get stuck together. The movement is analogous to
sliding one rough wood board over another. Movement
occurs when the splinters of the boards break off and the
boards move quickly by each other. When rough edges
along the plate move quickly, an earthquake is produced
(see Chapter 3). Along the San Andreas fault, which is a
transform plate boundary, the displacement is horizon-
tal and can amount to several meters during a great
earthquake. During an earthquake in 1857 on the San
Andreas fault, a horse corral across the fault was report-
edly changed from a circle to an “S” shape. Fortunately,
such an event generally occurs at any given location only
once every 100 years or so. Over long time periods,
rapid displacement from periodic earthquakes and more

A FIGURE 2.12 The San Andreas Fault

The fault is visible as a linear depression with low hills on either
side that run from the bottom to the top of the photograph. Note
the prominent stream that is diverted toward the north (top of
image) along the fault. (Doc Searle/Flickr CCBYSA 2.0)
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continuous slow “creeping” displacements add together
to produce the average rate of several centimeters of
movement per year along the San Andreas fault.

2.2 CHECK your understanding

1. Why was the continental drift hypothesis not
taken seriously?

2. What enables the tectonic plates to move?

3. What are the three major types of plate
boundaries?

4. How is a subduction zone different from a
collision zone?

2.3 A Detailed Look at Seafloor
Spreading

When Alfred Wegener proposed the idea of continental
drift in 1915, he had no solid evidence of a mechanism
that could move continents. The global extent of mid-
ocean ridges was discovered in the 1950s, and in 1962
geologist Harry H. Hess published a paper suggesting
that continental drift was the result of the process of sea-
floor spreading along those ridges. New oceanic litho-
sphere is produced at the mid-ocean ridge spreading
centers as shown in Figure 2.5 (divergent plate bound-
ary). The lithospheric plate then moves laterally, carry-
ing along the embedded continents in the tops of moving
plates. These ideas produced a new major paradigm that
greatly changed our ideas about how Earth works.>%’

The validity of seafloor spreading was established
from three sources: (1) identification and mapping of
oceanic ridges, (2) dating of volcanic rocks on the floor
of the ocean, and (3) understanding and mapping of the
paleomagnetic history of ocean basins.

PALEOMAGNETISM

We introduce and discuss Earth’s magnetic field and
paleomagnetic history in some detail in order to under-
stand how seafloor spreading and plate tectonics were
discovered. Earth has had a magnetic field for at least
the past 3 billion years® (Figure 2.13). The field can be
represented by a dipole magnetic field with lines of
magnetic force extending from the South Pole to the
North Pole. A dipole magnetic field is one that has
equal and opposite charges at either end. As described
in Section 2.1, convection occurs in the iron-rich, fluid,
hot outer core of Earth because of compositional
changes and heat at the inner—outer core boundary. As
more buoyant material in the outer core rises, it starts



~~Axis of rotation

(@) Normal polarity

Magnetic
axis

\Ai(is of rotation

(b) Reversed polarity

A FIGURE 2.13 Magnetic Reversal

Idealized diagram showing the magnetic field of Earth under
(a) normal polarity and (b) reversed polarity. (From Kennett, J.,
Marine Geology. Englewood Cliffs, NJ: Prentice Hall, © 1982.
Reprinted and electronically reproduced by permission of
Pearson Education, Inc., Upper Saddle River, New Jersey.)

the convection. The convection in the outer core, along
with the rotation of Earth that causes rotation of the
outer core, initiates a flow of electric current in the
core. This flow of current within the core produces and
sustains Earth’s magnetic field.>’

Earth’s magnetic field is sufficient to permanently
magnetize some surface rocks. For example, volcanic
rock that erupts and cools at mid-ocean ridges be-
comes magnetized at the time it passes through a criti-
cal temperature. At that critical temperature, known as
the Curie point, iron-bearing minerals (such as magne-
tite) in the volcanic rock orient themselves parallel to
the magnetic field. This is a permanent magnetization
known as thermoremmant magnetization.” The term pa-
leomagnetism refers to the study of the magnetism of
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rocks at the time their magnetic signature formed. It is
used to determine the magnetic history of Earth.

The magnetic field, based on the size and conductiv-
ity of Earth’s core, must be continuously generated or it
would decay away in about 20,000 years. It would decay
because the temperature of the core is too high to sus-
tain permanent magnetization.’

Earth’s Magnetic Field Periodically
Reverses Before the discovery of plate tectonics,
geologists working on land had already discovered that
some volcanic rocks were magnetized in a direction op-
posite to the present-day field, suggesting that the polar-
ity of Earth’s magnetic field was reversed at the time the
volcanic rocks erupted onto the seafloor and cooled
(Figure 2.13b). The rocks were examined for whether
their magnetic field was normal, as it is today, or re-
versed relative to that of today, for certain time intervals
of Earth’s history. A chronology for the last few million
years was constructed on the basis of the dating of the
“reversed” rocks. You can verify the current magnetic
field of Earth by using a compass; at this point in Earth’s
history, the needle points to the north magnetic pole.
During a period of reversed polarity, the needle would
point south! The cause of magnetic reversals is not
well known, but it is related to changes in the convective
movement of the liquid material in the outer core and
processes occurring in the inner core. Reversals in
Earth’s magnetic field are random, occurring on average
every few hundred thousand years. The change in polar-
ity of Earth’s magnetic field takes a few thousand years
to occur, which in geologic terms is a very short time.

What Produces Magnetic Stripes? To fur-
ther explore the Earth’s magnetic field, geologists towed
magnetometers, instruments that measure magnetic
properties of rocks, from ships and completed magnetic
surveys. The paleomagnetic record of the ocean floor is
easy to read because of the fortuitous occurrence of the
volcanic rock basalt (see Chapter 5) that is produced at
spreading centers and forms the floors of the ocean ba-
sins of Earth. The rock is fine-grained and contains suf-
ficient iron-bearing minerals to produce a good
magnetic record. The marine geologists’ discoveries
were not expected. The rocks on the floor of the ocean
were found to have irregularities in the magnetic field.
These irregular magnetic patterns were called anoma-
lies or perturbations of Earth’s magnetic field caused by
local fields of magnetized rocks on the seafloor. The
anomalies can be represented as stripes on maps. When
mapped, the stripes form quasi-linear patterns parallel
to oceanic ridges. The marine geologists found that
their sequences of stripe width patterns matched the se-
quences established by land geologists for polarity
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< FIGURE 2.14 Magnetic Anomalies on the Seafloor

Map showing a magnetic survey southwest of Iceland along the
Mid-Atlantic Ridge. Positive magnetic anomalies are black (normal),
and negative magnetic anomalies are white (reversed). Note that
the pattern is symmetrical on the two sides of the mid-ocean ridge.
(Based on Heirtzler, J. R., Le Pichon, X., and Baron, J. G., “Magnetic
Anomalies Over the Reykjanes Ridge,” Deep-Sea Research 13:
427-43, 1966. Reprinted by permission of Elsevier Sciences, Ltd.)

reversals in land volcanic rocks. Magnetic survey data
for an area southwest of Iceland are shown on
Figure 2.14. The black stripes represent normally mag-
netized rocks and the intervening white stripes repre-
sent reversed magnetized rocks.® Notice that the stripes
are not evenly spaced but form patterns that are sym-
metrical on opposite sides of the Mid-Adlantic Ridge.

Why Is the Seafloor No More Than 200
Million Years Old? The discovery of patterns of
magnetic stripes at various locations in ocean basins al-
lowed geologists to infer numerical dates for the
volcanic rocks. Merging the magnetic anomalies with the
numerical ages of the rocks produced the record of sea-
floor spreading. The spreading of the ocean floor, begin-
ning at a mid-ocean ridge, could explain the magnetic
stripe patterns.” Figure 2.15 is an idealized diagram
showing how seafloor spreading may produce the pat-
terns of magnetic anomalies (stripes). The pattern shown

Ridge axis < FIGURE 2.15 Magnetic
Reversals and Seafloor
Spreading

Idealized diagram showing a
mid-ocean ridge and rising
magma in response to seafloor
spreading. As the volcanic rocks
cool, they become magnetized.
The white stripes represent
normal magnetization; the red
stripes are reversed magnetiza-
tion. The record shown here was
formed over a period of several
million years. Magnetic anoma-
lies (stripes) are a mirror image
of each other on opposite sides
of the mid-ocean ridge. Thus,
the symmetrical bands of the

Magnetometer record showing

symmetrical magnetic field across ridge (normal polarity)

normal and reversed magne-
tized rocks are produced by the
combined effects of the rever
sals and seafloor spreading.

High intensity

Low intensity (reversed polarity)




is for the past several million years, which includes several
periods of normal and reversed magnetization of the vol-
canic rocks. White stripes represent normally magnetized
rocks, and red stripes are rocks with a reversed magnetic
signature. Notice that the most recent magnetic reversal
occurred approximately 0.7 million years ago. The basic
idea illustrated by the figure is that rising magma at the
oceanic ridge is extruded, or pushed out onto the surface,
through volcanic activity, and the cooling rocks become
normally magnetized. When the field is reversed, the
cooling rocks preserve a reverse magnetic signature
(Figure 2.15). Notice that the patterns of magnetic anom-
alies in rocks on both sides of the ridge are mirror images
of one another. The only way such a pattern might result
is through the process of seafloor spreading. Thus, the
pattern of magnetic reversals found on rocks of the ocean
floor is strong evidence that the process of seafloor
spreading is happening.

Mapping of magnetic anomalies, when combined with
age-dating of the magnetic reversals in land rocks, creates
a database that suggests exciting inferences; Figure 2.16
shows the age of the ocean floor as determined from this
database. The pattern, showing that the youngest volca-
nic rocks are found along active mid-ocean ridges, is con-
sistent with the theory of seafloor spreading. As distance
from these ridges increases, the age of the ocean floor also
increases, to a maximum of about 200 million years,

A FIGURE 2.16 Age of the Ocean Floor
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during the early Jurassic period. Thus, it appears that the
present ocean floors of the world are no older than 200
million years. In contrast, rocks on continents are often
much older than Jurassic, going back about 4 billion
years, almost 20 times older than the ocean floors! We
conclude that the thick continental crust, by virtue of its
buoyancy, is more stable at Earth’s surface than are rocks
of the crust of the ocean basins. Continents form by the
processes of accretion of sediments, addition of volcanic
materials, and collisions of tectonic plates carrying conti-
nental landmasses. We will continue this discussion when
we consider the movement of continents during the past
200 million years. However, it is important to recognize
that it is the pattern of magnetic stripes that allows us to
reconstruct how the plates and the continents embedded
in them have moved throughout history.

HOT SPOTS

There are a number of places on Earth called hot spots,
characterized by volcanic centers resulting from hot ma-
terials produced deep in the mante, perhaps near the
core-mantle boundary (see Figure 2.5). The partally
molten materials are hot and buoyant enough to move up
through the mantle and the overlying, moving tectonic
plates.” An example of a continental hot spot is the vol-
canic region of Yellowstone National Park. Hot spots are

Age of Ocean Floor (millions of years)

0-2 58-66
2-5 66-84
5-24 84-117
24-37 117-144
37-58 144-208

Age of the seafloor is determined from magnetic anomalies and other methods. The youngest ocean floor (red)
is located along oceanic ridge systems, and older rocks are generally farther away from the ridges. The oldest
ocean floor rocks are approximately 180 million years old. (Based on Scotese, C. R., Gahagan, L. M., and Larson,
R. L., “Plate Tectonic Reconstruction of the Cretaceous and Cenozoic Ocean Basins,” Tectonophysics 155: 27-48,

1988. Reprinted by permission of Elsevier Sciences, Ltd.)



52 CHAPTER 2 Internal Structure of Earth and Plate Tectonics
é A Volcanoes of Hawaiian—
g Emperor Chain
‘g 5 |:| Seamounts
é’_ 4 ., Subduction zone
W 4 Hawaiian-Emperor i
3 B P ~— Present plate motion
A
. 43 MY 7 le . Midway Island 0 325 750 Miles
2 S —
A
& 1 OR 3250750 Kilometors
A Ay
PACIFIC Ha, QY \
OCEAN " Ridpe gy
AA .
Hawaiian Islands - Hawaii
Kauai Ochu
38-56MY 22-33MY Molokai /’/ A
- " 1.3-1.8 MY Maui resent
* . =8 volcanic
’J’eé..-_‘ D .A"] |.%ssNt\hYan Hawaii activity
: ~w~‘ﬁ% i 0.8 to present MY
o S—— - 70°W o
" i Par 160°W

(b)

A FIGURE 2.17 Hawaiian Hot Spot
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(a) Map showing the Hawaiian—-Emperor Chain of volcanic islands and seamounts. Actually, Midway Island

and the Hawaiian Islands are the only volcanoes of the chain that protrude from the ocean’s surface to form
islands. (Based on Claque, D. A., Dalrymple, G. B., and Moberly, R., “Petrography and K-Ar ages of Dredged
Volcanic Rocks from the Western Hawaiian Ridge and Southern Emperor Seamount Chain,” Geological Society
of America Bulletin 86: 991-98, 1975) (b) Sketch map showing the Hawaiian Islands, which range in age from
present volcanic activity to about 6 million years old on the island of Kauai. Notice that most of the mass of the
volcanoes forming the Hawaiian Islands lies below the ocean surface. (From Thurman, Oceanography, 5th ed.
Columbus, OH: Merrill, Plate 2. Reprinted and Electronically reproduced by permission of Pearson Education,

Inc., Upper Saddle River, New Jersey.)

also found in both the Atlantic and Pacific Oceans. If the
hot spot is anchored in the slow-moving deep mantle,
then as the oceanic plate moves over a hot spot, a linear
chain of volcanoes is produced. Perhaps the best example
of this type of hot spot is the line of volcanoes forming
the Hawaiian-Emperor Chain in the Pacific Ocean
(Figure 2.17a). Along this chain, volcanic eruptions range
in age from present-day activity on the big island of
Hawaii (in the southeast) to more than 78 million years
ago near the northern end of the Emperor Chain. With
the exception of the Hawaiian Islands and some coral
atolls (ringlike coral islands such as Midway Island), the
chain primarily consists of submarine volcanoes known
as sea-mounts. Seamounts are islands that were eroded by

waves and submarine landslides and subsequently sank
beneath the ocean surface. As seamounts move farther off
the fixed hot spot due to plate movement, the volcanic
rocks that make up the islands cool and the oceanic crust
they are on becomes denser and sinks.

Seamounts constitute impressive submarine volcanic
mountains. In the Hawaiian Chain, the youngest volcano
is Mount Loihi, which is still a submarine volcano, pre-
sumably directly over a hot spot, as idealized in
Figure 2.17b. The ages of the Hawaiian Islands increase
to the northwest, with the oldest being Kauai, about 6
million years old. Notice in Figure 2.17a that the line of
seamounts makes a sharp bend at the junction of the
Hawaiian and Emperor Chains. The age of the volcanic



rocks at the bend is about 43 million years, and the bend
is interpreted to represent a time when plate motions
changed.!® If we assume that the hot spots are fixed deep
in the mantle, then the chains of volcanic islands and
submarine volcanoes along the floor of the Pacific Ocean
that get older farther away from the hot spot provide ad-
ditional evidence to support the movement of the Pacific
plate. In other words, the ages of the volcanic islands and
submarine volcanoes could systematically change as they
do only if the plate is moving over the hot spot.

2.3 CHECK your understanding

1. Describe the major process that are thought to
produce Earth’s magnetic field.

2. How have magnetic reversals and the study of
paleomagnetism been important in
understanding plate tectonics?

3. What are hot spots?
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2.4 Pangaea and Present
Continents

Movement of the lithospheric plates is responsible for
the locations of mountain ranges’ present shape and
location of the continents. There is good evidence
that the most recent global episode of continental
drift, driven by seafloor spreading, started about 180
million years ago, with the breakup of a superconti-
nent called Pangaea (this name, meaning “all lands,”
was first proposed by Wegener). Pangaea (pronounced
pan-jee-ab) was enormous, extending from pole to
pole and over halfway around Earth near the equator
(Figure 2.18a). Pangaea had two parts (Laurasia to the
north and Gondwana to the south) and was constructed
during earlier continental collisions. Figure 2.18a
shows Pangaea as it was nearly 180 million years ago.
Seafloor spreading over the past 200 million years
separated Eurasia and North America from the

< FIGURE 2.18 Two Hundred
Million Years of Plate
Tectonics

(a) The proposed positions of
the continents at 180 million
years ago, (b) 135 million
years ago, (c) 65 million years
ago, and (d) at present. Ar-
rows show directions of plate
motion. See text for further
explanation of the closing of
the Tethys Sea, the collision of
India with China, and the for-
mation of mountain ranges.
(Based on Dietz, R. S., and
Holden, J. C. 1970. Recon-
struction of Pangaea: Breakup
and dispersion of continents,
Permian to present. Journal of
Geophysical Research 75(26):
4939-56. Copyright by the
American Geophysical Union.
Reprinted with permission of
Wiley Inc. Adaptation of block
diagrams from Christopher-
son, R. W., Geosystems, 2nd
ed. Englewood Cliffs, NJ:
Macmillan/Prentice Hall,

1994. Reprinted and Electroni-
cally reproduced by permis-
sion of Pearson Education,
Inc., Upper Saddle River, New
Jersey.)

.
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ANTARCTICA

\| Asthenosphere

Divergent plate boundary—
plates diverge at mid-ocean
ridges

g TR

A FIGURE 2.18 (Continued)

southern landmass, Eurasia from North America, and
the southern continents (South America, Africa, India,
Antarctica, and Australia) from one another (Figure
2.18b-d). The Tethys Sea, between Africa and Europe-
Asia (Figure 2.18a—c), closed as part of the activity that
produced the Alps in Europe. A small part of this once
much larger sea remains today as the Mediterranean

Transform fault—
plates move laterally past each other
between seafloor spreading centers

(c) 65 million years ago

Convergent plate boundary—
plates converge, producing a subduction zone,
mountains, volcanoes, and earthquakes

ANTARCTICA

~——Fracture zone ——]

(d) Present

Sea. About 50 million years ago, India crashed into
China in south Asia. That collision, which has caused
India to forcefully intrude into China a distance com-
parable from New York to Miami, is still happening
today, producing the Himalayan Mountains (the high-
est mountains above sea level in the world) and the
Tibetan Plateau (see Figure 2.22).



2.4 Pangaea and Present Continents
Understanding Plate Tectonics Solves Long- within Gondwanaland (southern Pangaea) near
Standing Geologic Problems Reconstruction of the South Pole as it was before splitting apart
what the supercontinent Pangaea looked like before the (Figure 2.20).

most recent episode of continental drift has cleared up
two interesting geologic problems:

> Occurrence of the same fossil plants and animals
on different continents would be difficult to

explain if they had not been joined in the past 2.4 CHECK your UnderStandmg
(Figure 2.19). 1. What was Pangaea and when did it exist?

> Evidence of ancient glaciation on several conti- 2. What geologic problems were solved
nents, with inferred directions of ice flow, makes when the existence of Pangaea was
sense only if the continents are placed back confirmed?

Fossil remains of Cynognathus, a
Triassic land reptile approximately 3
m long, have been found in

Remains of the Argentina and southern Africa. Fossils of the fern Glossoptens, found

freshwater reptile in all of the southern continents, are

Mesosaurus have proof that they were once joined.
been found in both

Brazil and Africa.

Africa

Evidence of the Triassic
land reptile Lystrosaurus
have been found in Africa,
Antarctica, and India.

South America

A FIGURE 2.19 Paleontological Evidence for Pangaea

This map shows some of the paleontological (fossil) evidence that supports continental drift. Scientists believe
that these animals and plants could not have been found on all of these continents were they not once much
closer together than they are today. Major ocean basins would have been physical barriers to their distribution.
(From Hamblin, W. K., Earth’s Dynamic Systems, 6th ed. New York: Macmillan, 1992. Reprinted by permission of
Macmillan.)
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< FIGURE 2.20 Glacial
Evidence for Pangaea

(a) Map showing the
distribution of evidence for
late Paleozoic glaciations.
The arrows indicate the
direction of ice movement.
Notice that the arrows are
all pointing away from
ocean sources. Also these
areas are close to the trop-
ics today, where glaciation
would have been unlikely
in the past. These Paleozoic
glacial deposits were
formed when Pangaea

2} was a supercontinent

é? before fragmentation by
continental drift. (b) The
continents are restored (it
is thought that continents
drifted north away from the

Late Paleozoic
glacial boundary

(a)

South Pole). Notice that the
arrows now point outward
as if moving away from a

Late Paleozoic —
glacial deposits

Continental Shelf

— central area where glacial
ice was accumulating.
Thus, restoring the position
of the continents produces
a pattern of glacial deposits
that makes much more
sense. (Based on Hamblin,
W. K., Earth’s Dynamic
Systems, 6th ed. New York:
Macmillan, 1992)

Direction of
glacier motion

/08 |

(b)

2.5 How Plate Tectonics Works:
Putting It Together

Driving Mechanisms That Move Plates Now
that we have presented the concept that new oceanic
lithosphere is produced at mid-ocean ridges because of
seafloor spreading and that old, cooler plates sink into
the mantle at subduction zones, let us evaluate the

forces that cause the lithospheric plates to actually
move and subduct. Figure 2.21 is an idealized diagram
illustrating the two most likely driving forces: ridge
push and slab pull.

The mid-ocean ridges or spreading centers stand at
elevations of about 1 to 2.5 km (~3200 to 8200 ft.)
above the ocean floor as linear, gently arched uplifts
with widths greater than the distance from Florida to
Canada (see Figure 2.8). Ridge push is a gravitational
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Divergent Plate Boundary

Mid-ocean ridge

“Slab pull results from

sinking of cold dense
oceanic lithosphere
info the lower density

Ridge push results from
asthenosphere

a gravity driven force in
the mid-ocean ridge that
pushes the lithosphere
toward the subduction
zone

A FIGURE 2.21 Push and Pull in Moving Plates

Idealized diagram showing concepts of ridge push and slab pull that facilitate the movement of lithospheric
plates from spreading ridges to subduction zones. Both are gravity driven.The heavy lithosphere moves down
the mid-ocean ridge slope and subducts down through the lighter, hotter mantle. (Based on Cox, A., and Hart,

R. B., Plate Tectonics. Boston: Blackwell Scientific Publications, 1986)

push, like a gigantic landslide, away from the ridge
crest toward the subduction zone (the lithosphere
slides on the asthenosphere). Slab pull results when the
lithospheric plate moves farther from the ridge and
cools, gradually becoming denser than the astheno-
sphere beneath it. At a subduction zone, the plate sinks
through lighter, hotter mantle below the lithosphere,
and the weight of this descending plate edge pulls on
the entire plate, resulting in slab pull (Figure 2.21).
Which of the two processes, ridge push or slab pull, is
the more influential of the driving forces? Calculations
of the expected gravitational effects suggest that ridge
push is of relatively low importance compared with
slab pull. In addition, it is observed that plates with
large subducting slabs attached and pulling on them
(e.g., the subduction zones surrounding the Pacific
Basin) tend to move much more rapidly than those
driven primarily by ridge push alone. Thus, slab pull
may be more influential than ridge push in moving
plates.

2.5 CHECK your understanding
1. What is the difference between ridge push and
slab pull?

2. What evidence suggests that slab pull may be
the dominant driver of plate tectonics?

2.6 Plate Tectonics and Hazards

The importance of the tectonic cycle to our lives can-
not be overstated. Everything living on Earth is af-
fected by plate tectonics. As the plates slowly move a
few centimeters each year, so do the continents and
ocean basins, producing zones of resources (oil, gas, and
minerals), as well as earthquakes and volcanoes (see
Figure 2.4b). The tectonic processes occurring at plate
boundaries largely determine the types and properties
of the rocks upon which we depend for our land, our
mineral and rock resources, and the soils in which our
food is grown.

The linkage of hazardous events to plate tectonics is
obvious. When plate boundaries are mapped, the
boundaries are located where volcanoes and earth-
quakes have occurred. Beyond this, several major con-
clusions may be drawn:

> At divergent plate boundaries, such as along the
Mid-Adantic Ridge, the dominant hazards are
earthquakes and volcanic eruption. This is espe-
cially true where the boundary briefly comes on
land in Iceland. There, volcanoes that underlie
glacial ice are related to both volcanic hazards and
flooding (see Applying the Fundamental Concepts
in Chapter 5). Subglacial lakes may form as a result
of heating from below; if these suddenly burst or if
a volcanic eruption occurs, flooding will occur.
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A FIGURE 2.22 Continental Collision

False color topographic image showing continental collision between the Indian and Asian plates. Collision of
the two plates has uplifted the Tibetan Plateau to an average of 5000 m (~16,400 ft.) and numerous peaks in the

Himalayan Mountains to heights greater than 8000 m (~26,000 ft.).

> Along boundaries where one plate slides past
another such as the San Andreas fault, the earth-
quake hazard is appreciable. There are a number
of such boundaries around the world in places
such as Southern California, Haiti, and New
Zealand (see Figure 2.4a). Associated with these
plate boundaries are often hilly or mountainous
areas where rainfall may be higher and, thus,
hazards such as landslides and flooding are also
present.

> Convergent plate boundaries, where one plate dives
beneath another or two collide, are areas particu-
larly prone to natural hazards. Where subduc-
tion zone volcanism occurs, particularly explosive
volcanoes are typical. Thus, we see the string of
volcanoes in Alaska, the Pacific Northwest, New
Zealand, Japan, and the western coast of South
America. Where two continental landmasses collide
and neither can be subducted, the highest topogra-
phy in the world has been produced (Figure 2.22).
Along with the earthquake hazard there is increas-
ing precipitation and an abundance of high, steep

slopes prone to landslides and flooding. Where
India has collided with Asia for the past 50 million
years, a high plateau (Tibetan Plateau) has formed
and this high topography affects the occurrence of
the summer monsoon as well as the global climate.
Thus, plate tectonics can affect the occurrence of
severe storms and related flooding and erosion.

To a lesser extent, the same forces have produced
the high plateau area of the Rocky Mountains that
affects the regional climate and the monsoonal
storms of the southwestern United States.

In summary, we see that plate tectonics is linked to
many geologic processes operating on Earth’s surface
that are linked to natural hazards.

2.6 CHECK your understanding

1. Explain why convergent plate boundaries
represent a greater hazard than other plate

boundaries.



CONCEPTS in review

2.1 Internal Structure of Earth

LO:1 Describe the basic internal structure and processes of Earth.

= The internal structure of Earth can be divided into layers
or concentric shells, based on either composition (what it’s
made of) or physical properties (e.g., solid or liquid, weak or
strong). The compositional layers include the core, mantle,
and crust.

= The uppermost physical layer of Earth is known as the litho-
sphere and is relatively strong and rigid compared with the soft
asthenosphere underlying it.

= A convection cell is a temperature-driven circulation pattern that
is assumed to operate within Earth and may be involved in driv-
ing plate tectonics.

2.2 Plate Tectonics

L0:2 Summarize the various lines of evidence that support the
theory of plate tectonics.

L0:3 Compare and contrast the different types of plate boundaries.

= The lithosphere is broken into large pieces called tectonic
plates that move relative to one another. Most earthquakes and
volcanoes worldwide are associated with plate
boundaries.

® The three types of plate boundaries are divergent (mid-ocean
ridges, spreading centers), convergent (subduction zones and
continental collisions), and transform faults. At some loca-
tions, three plates meet in areas known as triple junctions.
Rates of plate movement are generally a few centimeters per
year.

= Evidence supporting plate tectonic theory includes seafloor
spreading, continental drift, the configurations of hot spots and
chains of volcanoes, and Wadati-Benioff zones.

Cooling wax

Cold sinking

wax ball

Convection cell

(path of black arrows) Rising column

of heated wax

Light bulb

(heat source)

KEY WORDS

asthenosphere (p. 40), convection

(p. 41), crust (p. 40), inner core (p. 40),
lithosphere (p. 40), mantle (p. 40),
Moho (p. 40), outer core (p. 40)

KEY WORDS

continental drift (p. 41), convergent
boundary (p. 45), divergent boundary
(p. 44), mid-ocean ridge (p. 41), plate
tectonics (p. 41), seafloor spreading
(p. 41), spreading center (p. 41),
subduction zone (p. 42), submarine
trench (p. 45), transform boundary
(p. 47), triple junction (p. 47),
Wadati-Benioff zone (p. 43)
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2.3 A Detailed Look at Seafloor
Spreading

LO:4 Explain the mechanisms of plate tectonics.

= Convection currents in Earth’s liquid outer core generate a mag-
netic field that is sufficiently strong to be recorded in rocks that
contain magnetic minerals. Over the past few hundred million
years, periodic flips of the magnetic field between normal and
reverse polarity are preserved in the rock record, the study of
which is known as paleomagnetism.

= The seafloor spreading hypothesis proposed a mechanism for
continental drift. The hypothesis suggested that new ocean
lithosphere was created along mid-ocean ridges and moved
laterally away with time, pushing the continents apart. Seafloor
spreading is confirmed using the paleomagnetic signature of the
seafloor centered around the mid-ocean ridges. A symmetrical
pattern of magnetic anomolies, recording normal and reverse
polarity, indicates that the age of the seafloor gets older away
from the mid-ocean ridge, validating the seafloor spreading
hypothesis.

= The age of the seafloor is everywhere younger than 200
million years old, which is 20 times younger than the age of
continents. This suggests that the seafloor is recycled back
into the mantle while the less dense continents are too buoy-
ant to subduct.

= Hot spots are plumes of hot rock that rise from deep in the
mantle and cause volcanoes above them at Earth’s surface. Un-
like the moving tectonic plates, hot spots are fixed and, there-
fore, as the plate moves across the hot spot a chain of volcanoes
is formed, such as the Hawaiian Islands.

2.4 Pangaea and Present Continents

L0:5 Outline how plate tectonics has changed the appearance of

Earth’s surface over time.

= Alfred Wegener’s continental drift hypothesis suggested that
all of Earth’s continents were in the past assembled in a single
enormous continent, known as Pangaea. We now know that this
was the case about 200 million years ago.

= With the validation of the seafloor spreading, continental
drift was confirmed and several long-standing geologic prob-
lems have been resolved, including (1) the existence of the
fossil plants and animals on continents separated by oceans,
and (2) the distribution of ancient glaciations on several
continents.

7
"’aga

i

KEY WORDS

hot spot (p. 51), magnetic reversal
(p- 49), paleomagnetism (p. 49)
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2.5 How Plate Tectonics Works:
Putting It Together » -

L0:6 Compare and contrast the two fundamental processes that .
drive plate tectonics. RN o i rosils rom

a gravity driven force in
the micocean ridge that
pushes the lithosphere |

= The driving forces in plate tectonics are ridge push and slab R - i
pull. At present, we believe the process of slab pull is more
significant than ridge push for moving tectonic plates from
spreading centers to subduction zones.

2.6 Plate Tectonics and Hazards

LO:7 Link plate tectonic processes to natural hazards.

= Plate tectonics is extremely important in determining the oc-
currence and frequency of volcanic eruptions, earthquakes, and
other natural hazards. Divergent plate boundaries are linked to
earthquakes and volcanic eruptions but, with the exception of
Iceland and East Africa, the risk associated with these hazards is
low because they do not occur on land.

= Transform boundaries are linked to earthquakes and represent
an appreciable risk as these faults occur on land and stretch for
long distance, often through populated regions.

= Convergent plate boundaries are zones of greatest risk as these
are linked to the largest recorded earthquakes, explosive volcanic
eruptions, and tsunamis.

= Convergent plate boundaries also generate high mountains,
which are prone to mass wasting, flooding, and severe weather
and can affect global climate.

CRITICAL thinking questions

1. Assume that the supercontinent Pangaea (see Figure spread all over the globe. Hint: Think about what the
2.18a) never broke up. Now deduce how Earth breakup of the continents did in terms of building
processes, landforms, and environments might be mountain ranges and producing ocean basins that
different from how they are today with the continents affect climate and so forth.
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The 2011 Tohoku Earthquake ...
released about

600 million times
more energy than the
atomic bomb

dropped on Hiroshima
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Science helps us predict hazards. Knowing hazard risks can help

When we return to the Tohoku earth- people make decisions.

quake at the end of this chapter you Large earthquakes are known to
APPLYING the 5 will learn about precursor events occur at subduction zones, the

| ing up to the 2011 quake, frequency of which can be predicted
fundamental CONCEPLS o sc e ssonifio o thac ad  through scientiic investigstion
201 1 Tohoku to preliminary forecasting and an and therefore earthquake hazard is

underestimation of the maximum amenable to risk analysis. However,
Earthq Uake size of the event. as the 2011 Tohoku event illustrates,

gaps in scientific data and invalid as-
sumptions can lead to an underesti-
mate of the potential earthquake risk.



Earthquakes

As you recall from the previous chapter, the movement of Earth’s
tectonic plates around the globe has reshaped the continents and
ocean basins over the past few billion years. Moving at an average
speed of about 5 cm (~2 in.) per year, you might think that we would be
completely unaware that the plates are in motion. This would be true
if movement between adjacent plates was smooth and continuous, but
it is not. Rather than gradual imperceptible movement, plates move
episodically in large pulses every few hundred years or so.These large
episodic movements of the plates cause the violent ground shaking
we know as an earthquake. The island country of Japan is located just
200 km (~124 mi.) west of the JapanTrench, where the Pacific plate is
subducting beneath the Eurasian plate at a rate of about 9 cm (~3.5in.)
per year (Figure 3.1)." The convergence of these two plates means
Japan experiences frequent large earthquakes.

On March 11, 2011, the strongest recorded earthquake to hit Japan,
and one of the top five largest earthquakes ever documented, struck
72 km (~45 mi.) offshore of the Tohoku region of Japan’s main island
(Figure 3.1). Although Japan has the worlds most advanced system
for detecting earthquakes,? and scientists had forecast a large earth-
quake for theTohoku region, the 2011 quake was significantly greater
than was considered possible. Fifteen times more powerful that the

< Tohoku Earthquake Devastated Fukashima, Japan
Military helicopters fly over tsunami inundated and burning coastal Japan

following the 2011 earthquake. (US Navy)

m— 3

Linkages exist between natural
hazards.

Most of the destruction and loss

of life due to the 2011 Tohoku
earthquake was not due to the
earthquake, but rather a tsunami
triggered by the quake, which
caused widespread coastal flooding
of the Tohoku region (northeast) of
Japan (see Chapter 4).

o

Humans can turn hazardous
events into disasters.

In 2004, Indonesia was struck

by a similarly large earthquake
and tsunami, but while Japan’s
population has remained constant
since 1900, Indonesia’s has grown
fivefold in the last century, making
the 2004 Indian Ocean earthquake
one of the most deadly recorded
natural disaster (see Chapter 4).

Earthquakes are serious natural
hazards that affect people across
the globe, sometimes at long
distances from where the quakes
occur. They are especially dangerous
because seismologists, the scientists
who study earthquakes, cannot
predict them in time for evacuations
or other precautions.

After reading this chapter, you
should be able to:

LO:1 Compare and contrast the
different types of faulting.
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L0:2 Explain the formation of
seismic waves.

L0:3 Summarize the processes that lead
to an earthquake and the release of seismic
waves.

LO:4 Differentiate between the magnitude
scales used to measure earthquakes.

LO:5 Identify global regions at most risk
for earthquakes, and describe the effects of
earthquakes.

L0O:6 Describe how earthquakes are linked
to other natural hazards.

LO:7 Discuss the important natural
service functions of earthquakes.

LO:8 Explain how human beings interact
with and affect the earthquake hazard.

LO:9 Discuss the United States
governmental approach to minimizing the
effects of earthquakes.

LO:10 Propose ways to minimize seismic
risk and suggest adjustments we can make
to protect ourselves.

5

Consequences of hazards can be
minimized.

At the end of the chapter, you

will learn about how widespread
building and infrastructure collapse
during the less powerful 1995 Kobe
earthquake led to better earthquake
building codes in Japan that mini-
mized loss of life and damage during
the 2011 Tohoku earthquake.
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1906 earthquake that destroyed San Fran- Intensity
cisco (Table 3.1), the 2011 Tohoku earthquake Shaking
released about 600 million times more energy Damage

than the atomic bomb dropped on Hiroshima
at the end of World War Il. In just a few minutes
a 500 km (~310 mi.) long section of the Pacific
plate moved as much as 40-60 m (~130-200 ft.)
toward the northwest beneath Japan.' Shaking
was felt across much of the island and lasted
as long as six minutes in some locations
(Figure 3.1). Had this earthquake occurred

in a country where buildings are less well
engineered, the loss of life due to structural
collapse would have been significantly greater.
In fact, the greatest loss of life was caused by
another natural hazard linked to the quake—
specifically, a large ocean wave triggered by
the earthquake, known as a tsunami, which
swept inland killing 93 percent of the 16,000
people who died that day (see Chapter 4).3

3.1 Introduction to Earthquakes

Worldwide, people feel an estimated 1 million earth-
quakes a year. However, few of these quakes are noticed
very far from their source, and even fewer are consid-
ered major earthquakes. Table 3.1 lists significant
earthquakes in the United States in the past 200 years.
Even if you have never experienced an earthquake, you
may wonder what actually happens when one occurs.
To understand the effects of earthquakes and where
earthquakes occur, we first need to learn about what
causes earthquakes.

As discussed in Chapter 2, Earth is a dynamic, evolv-
ing system in which the movement of tectonic plates

V TABLE 3.1 Significant Earthquakes in the United States

Year Locality

1811-1812 New Madrid, Missouri

1886 Charleston, South Carolina

1906 San Francisco, California (includes
deaths from fire)

1925 Santa Barbara, California

1933 Long Beach, California

1940 Imperial Valley, California

1952 Kern County, California

1959 Hebgen Lake, Montana (damage to timber
and roads)

1964 Prince William Sound, Alaska (includes

tsunami deaths and damage near
Anchorage and on U.S. West Coast)

IR Vv VI Vil Vi [
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A FIGURE 3.1 Shaking and Damage During the Tohoku
Earthquake

Japan sits at the junction of three different tectonic plates.

In 2011, the Pacific plate surged northwestward beneath the
Eurasian plate and Japan, triggering the Tohoku earthquake,
causing severe shaking and damage across most of the main
island of Honshu. Intensity scale is described in Section 3.3 of
this chapter. (Based on “Poster of the Great Tohoku Earthquake
(northeast Honshu, Japan) of March 11, 2011 — Magnitude 9.0,
USGS, available at http://earthquake.usgs.gov/earthquakes/
eqarchives/poster/2011/20110311.php)

results in the formation and destruction of ocean ba-
sins, and the uplift of mountains. These processes are
most active along the boundaries of lithospheric plates
where faulting occurs (Figure 3.2).

Damage (millions of dollars) Number of Deaths

Unknown Unknown
23 60

524 >3000

8 13
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Year Locality Damage (millions of dollars) Number of Deaths
1965 SeattleTacoma, Washington 13 7
1971 Sylmar (San Fernando), California 553 65
1983 Coalinga, California 31

1983 Borah Peak, central Idaho 15

1987 Whittier Narrows, California 358

1989 Loma Prieta (San Francisco area), California 6000 63
1992 Landers, California 271 3
1994 Northridge, California 20,000 60
2001 Nisqually (Puget Sound), Washington 2300 1
2002 Denali Fault, southcentral Alaska (sparsely populated area) 0
2006 Kiholo Bay, Hawaii, Hawaii 200 0
2010 Southernmost California and northern Mexico 100 several in Mexico
201 Central Virginia 200 0
2014 South Napa Valley, California 5001

Source: U.S. Geological Survey Earthquake Hazards Program (http://earthquakes.usgs.gov).
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A FIGURE 3.2 Earthquake Distribution

Map showing the global distribution of moderate to large earthquakes (1963-88). Notice that most earthquakes
occur along plate boundaries (shaded area), in contrast to intraplate earthquakes (isolated dots), which are
infrequent. (From the USGS National Earthquake Information Center)
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FAULTS AND FAULTING

Earthquakes occur along a plane of weakness in
Earth’s crust known as a fault, which is common
along plate boundaries. A fault is a semiplanar frac-
ture or fracture system where rocks have been dis-
placed; thatis, Earth’s crust on one side of the fracture
or fracture system has moved relative to the other
side. Geologists use centuries-old mining terminol-
ogy to describe the rocks that are displaced across
faults, because many early underground mines were
dug into the Earth along inclined surfaces to mine
mineralized ore veins along fault zones. Specifically,
the block below the fault plane where the miner
would stand is known as the footwall, whereas the
block above the fault plane where a lantern could be
hung is known as the hanging wall (Figure 3.3).

Surface trace
of fault

A FIGURE 3.3 Basic Fault Features

Block diagram of a dip-slip fault illustrating several basic fault
features. Because dip-slip faults are inclined (not vertical), rocks
to the right of the fault are above the fault, whereas rocks to

the left are below the fault. The hanging wall is defined as the
block of rocks that lies above the fault where a miner hangs his
lantern, while the block of rocks below the fault that the miner
stands on is known as the footwall. (Based on “Crustal Deforma-
tion,” GeoPhysics at Ohio University)

The process of fault rupture, or faulting, can be com-
pared to sliding one rough board past another. Friction
along the boundary between the boards may temporarily
slow their motion, but rough edges break off and motion
occurs at various places along the plane. Similarly, one
lithospheric plate moving past another is slowed by fric-
tion along the fault plane that separates the plates. This
“braking action” stresses the rocks along the fault, and as
a result, these rocks undergo strain or deformation. When
the stresses on rocks exceed their strength, that is, their
ability to withstand the force, the rocks rupture and are
permanently displaced along the fault plane. Put another
way, stress is a force that results from plate tectonic
movements and strain is the change in shape or location
of the rocks due to the applied stress. As you recall from
Chapter 2, there are three different types of plate bound-
aries (convergent, divergent, and transform); therefore,
there are three different types of stress—tensional, compres-
sional, and shearing—and three primary types of faults

(Figure 3.4).

Fault Types Faults are distinguished by the direction
in which rocks on either side are displaced. A dip-slip
fault offsets rocks in a vertical motion due to compres-
sional or tensional stresses, whereas a strike-slip fault
offsets blocks of crust in a horizontal direction due to
shearing stress. A normal fault is a type of fault identi-
fied by downward movement of the hanging wall relative
to the footwall (Figure 3.4a). This movement is caused
by tensional stress, which results in extension and thin-
ning of Earth’s crust typical of divergent plate boundar-
ies. By contrast, a reverse fault is identified by an upward
relative movement of the hanging wall due to compres-
sion, which results in shortening and thickening of
Earth’s crust typical of convergent plate boundaries
(Figure 3.4b). Unlike reverse and normal dip-slip faults,
which are inclined or said to have a dip, a strike-slip fault
is close to vertical and, therefore, does not have a hang-
ing wall or a footwall. But similar to a dip-slip fault, a
reversal in the orientation of the stresses on either side of
the fault will result in two different types of strike-slip
faults. Because strike-slip faults offset Earth’s crust later-
ally or in a horizontal motion, strike-slip faults are either
right-lateral or left-lateral. The example in Figure 3.4c
shows a stream that has been offset by left-lateral fault-
ing. You can determine this by imagining you are pad-
dling your kayak along the river—it does not matter
whether you are paddling upstream or downstream—
and when you arrive at the fault, you will need to turn to
the left in order to get to the part of the stream that has
been left-laterally offset.

Until recently it was thought that most active faults
could be mapped because their most recent earthquake
would cause a surface rupture. However, we now know
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< FIGURE 3.4 Types of Geologic Faults

Three common types of faults and their effects on the land-
scape. Large red arrows on the surface of the block diagrams
show the stress directions, while the black arrows along the fault
show relative offset (strain) across the fault. Blocks above are
shown after movement on the fault with no erosion, whereas
the blocks below show effects of erosion. (a) A normal dip-slip
fault in which the hanging wall on the right side of the fault has
dropped down. (b) A reverse dip-slip fault in which the hanging
wall above the fault has moved up. (c) Strike-slip fault with
horizontal displacement along the fault plane. This particular
example shows left-lateral displacement.

Anticline  Syncline Blind faults

A FIGURE 3.5 Blind Faults

Blind reverse faults accommodate compressional stresses by
offsetting rock layers at depth and by folding near to Earth's sur-
face. The upward folds are called anticlines and downward folds
are called synclines. (Modified after Lutgens, F, and Tarbuck, E.
1992. Essentials of geology, 4th ed. New York: Macmillan.)

that some active faults, referred to as blind faults, do not
extend to the surface (Figure 3.5). This discovery has
made it more difficult to evaluate the earthquake haz-
ard in some areas. For example, the 1994 Northridge
earthquake, which killed 60 people and caused at least
$20 billion in property damages, occurred on a previ-
ously unknown active blind fault that caught the geolo-
gists working in the Los Angeles Basin completely by
surprise. Since 1994, the earthquake hazard community
has become focused on locating these structures in
densely urbanized areas. Although blind faults do not
offset rocks at the surface, geologists often locate them
by identifying folds at the surface known as anticlines
and synclines (Figure 3.5).

3.1 CHECK your understanding

1. If you were looking at the two blocks on either
side of a fault, how would you differentiate the
hanging wall from the footwall?

2. What types of stresses are responsible for
normal, reverse, and strike-slip faulting?

3. How would you tell the difference between a
strike-slip and a dip-slip fault?



70 CHAPTER 3 Earthquakes

3.2 The Earthquake
Processes

Most geologists consider a particular fault
to be an active fault if it has moved during
the past 10,000 years of the Holocene Epoch.
The Holocene, the most recent epoch of the
Quaternary Period of Earth’s geologic history,
is preceded by the Pleistocene Epoch of the
Quaternary Period. Much of our present-day
landscape developed during the Quaternary
Period. Faults that show evidence of move-
ment during the Pleistocene but not the
Holocene Epoch are classified as porentially
active (Table 3.2).

Faults that have not moved during the past
2 million years are generally classified as inac-
tive. However, we emphasize that it is often
difficult to prove when a fault was last active,
especially where no historical record of earth-
quakes exists. In many cases geologists must
determine the paleoseismicity of the fault,
that is, the prehistoric record of earthquakes.
They do so by determining the age of the
most recent faulted or folded sediments. Because the
faults themselves are often buried just below our feet or
are blind, determining paleoseismicity often involves
excavating a paleoseismic trench across the active fault
to expose the deformation (Figure 3.6).

THE EARTHQUAKE CYCLE

Observations of the 1906 San Francisco earthquake led
to a hypothesis known as the earthquake cycle. The
earthquake cycle proposes that there is a drop in elastic
strain after an earthquake and an accumulation of strain
before the next event.

V TABLE 3.2 Terminology for Faults Based on Last Activity

A FIGURE 3.6 Paleoseismic Trench
Paleoseismic trench excavated across folded sediments above a blind fault
in Southern California. (Duane E. DeVecchio)

As stated previously, strain is deformation resulting
from stress. Elastic strain may be thought of as deformation
that is not permanent, provided that the stress is eventu-
ally released. When the stress is released, the elastically
deformed material returns to its original shape. If the
stress is not released and continues to increase, the de-
formed material will eventually rupture, making the de-
formation permanent. For example, when you apply
tensional stress to a rubber band—sometimes called an
elastic—it stretches but will return to its original shape
when the stress is released. However, if you apply too

much stress, the rubber band will break and be perma-
nently deformed. When it breaks, the broken band often

Geologic Age Start of Time Interval Fault Activity
Era Period Epoch (inYears before Present)
Historic 200 Active
'§ Holocene Prehistoric 10,0002
§ Quaternary Pleistocene 1,650,000? Potentially active
Tertiary 65,000,000
Pre-Cenozoic time 4,600,000,000 Inactive
(age of Earth)

@ Dates used for regulatory purposes. Actual dates for these geologic time intervals have changed (see Chapter 1).

Source: Based on California State Mining and Geology Board Classification, 1973.
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A FIGURE 3.7 Elastic Rebound

Idealized diagram showing buildup and release of elastic strain
on a right-lateral strike-slip fault due to continuously applied
shear stress. At time 1, stress is applied, but there is no sig-
nificant accumulation of strain or deformation along the fault.
At time 2, accumulation of elastic strain within the rocks has
caused the road to become curved. Elastic strain will continue
to build until the maximum strength of the rocks along the fault
is surpassed causing the fault to rupture. At time 3, fault rupture
begins and elastic energy is released causing offset of the two
fault blocks across the fault. The offset of the road indicates the
amount of displacement.Time 4 is immediately following the
fault rupture showing rebound of the elastic strain and perma-
nent fault offset. Progression from time 1 to time 4 may take
hundreds to thousands of years.

3.2 The Earthquake Processes 4l

shoots across the room, releasing the pent-up energy with
a “snap.” Earthquakes along faults are caused by a very
similar process where tectonic stresses are applied to
rocks. The rocks deform elastically undl a critical point is
reached and the fault slips, releasing the stored elastic en-
ergy in a process know as elastic rebound (Figure 3.7).

Seismologists speculate that a typical earthquake cycle
has three or four stages.* The first stage is a long period of
inactivity along a segment of a geologic fault. In the sec-
ond stage, accumulated elastc strain produces small
earthquakes. A third stage, consisting of foreshocks, may oc-
cur only hours or days prior to the next large earthquake.
Foreshocks are small- to moderate-sized earthquakes that
occur before the main event. However, in some cases, this
third stage may not occur. Finally, the fourth stage is the
mainshock, the major earthquake, and its aftershocks. An
aftershock is a smaller earthquake occurring near the loca-
ton of the mainshock anywhere from a few minutes to a
year or so following the main event.

Following the mainshock of an earthquake, news re-
ports generally give information about where the earth-
quake was located. This location, known as the epicenter,
is the place on the surface of Earth above where the
ruptured rocks broke to produce the earthquake. The
point of initial breaking or rupturing within the Earth is
known as the focus, or hypocenter, of the earthquake and
is directly below the epicenter (Figure 3.8). When a rup-
ture begins, displacement of rocks starts at the focus and

Fault scarp

A FIGURE 3.8 Basic Earthquake Features

The epicenter of an earthquake is the surface location directly
above the focus, which is where movement on the fault begins.
During large earthquakes, displacement may propagate from the
focus to the surface causing surface deformation to occur, known
as a fault scarp. (Tarbuck, Edward J., Lutgens, Frederick K., and
Tasa, Dennis G. Earth: An introduction to physical geology, 11th ed.,
© 2014, p. 363. Reprinted and electronically reproduced by permis-
sion of Pearson Education, Inc., Upper Saddle River, New Jersey.)
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then propagates up, down, and laterally along the fault
plane during the earthquake. The sudden rupture of the
rocks produces shock waves, called seismic waves, which
cause ground shaking.

SEISMIC WAVES

When a fault ruptures, rocks break apart suddenly and
violently, releasing stored elastic strain energy in the
form of seismic waves. These waves radiate outward in
all directions from the focus, like ripples on a pond af-
ter a pebble hits the water. It is the strong motion from
seismic waves as they pass through the ground beneath
our feet that we perceive as an earthquake, cracking the
ground and damaging buildings and other structures.
The term earthquake also refers to the fault rupture that
gives rise to the waves.

Some of the seismic waves generated by the fault
rupture travel within the body of the Earth, known as
body waves, whereas others travel along the surface and
are known as surface waves. There are two types of body
waves: P waves and S waves.

P wave: Direction of propagation )

®

Push Pull

®

Pull Push Pull

®

Pull Push  Pull

(a) (b)

Surface wave:
Direction of propogation

~~

(c)

P waves, also called compressional or primary
waves, are the faster of the two (Figure 3.9a). They can
travel through solids, liquids, and gases. P waves travel
much more quickly through solids than through lig-
uids; the average velocity for P waves through Earth’s
crustis 6 km (~3.7 mi.) per second, in contrast to 1.5 km
(~0.9 mi.) per second through water. Interestingly,
when P waves reach Earth’s surface and are transmitted
into the air, some people and animals may be able to
hear a fraction of the seismic waves.” However, the
sound that most people hear when an earthquake is ap-
proaching is the loud noise of objects vibrating, not the
actual P wave.

S waves, also called shear or secondary waves, can
travel only through solid materials (Figure 3.9b). They
travel more slowly than P waves and have an average
velocity through Earth’s crust of 3 km (~1.9 mi.) per
second. S waves produce an up-and-down motion
(sideways shear) at right angles to the direction that the
wave is moving. This movement is similar to the whip-
ping back and forth of a large jump rope being held
by two people on a playground. When liquids are

S wave: Direction of propagation )

Time 1

T Time 2

< FIGURE 3.9 Seismic Waves

Idealized diagram showing the behavior of the three
major types of earthquake waves: P, S, and surface.

(a) A P wave is a compressional wave like a sound wave.
In this example, the coil compresses to form wave A as
it passes from left to right from time 1 at the top of the
illustration to time 3 on the bottom. (b) An S wave is a
shear wave in which atoms in the solid earth vibrate at
right angles to the direction that the wave is moving. In
this example, vibrations move the coil up and down as
wave A moves from left to right from time 1 at the top
of the illustration to time 3 on the bottom. (c) A surface
wave produces a rolling motion along the land surface
as atoms vibrate in the solid earth at right angles to the
direction that the wave is moving. In the type of surface
wave shown here, the atoms vibrate upward and down-
ward as the wave passes through from left to right.



subjected to sideways shear, they are unable to spring
back, which explains why S waves can’t move through
liquids.

When P and S waves reach the land surface, complex
surface waves form and move along Earth’s surface. These
waves travel more slowly than either P or S waves, and
they cause much of the damage near the epicenter.
Because surface waves have a complex horizontal and
vertical ground movement or rolling motion, they may
crack walls and foundations of buildings, bridges, and
roads (Figure 3.9¢). People caught near the epicenter of
a strong earthquake have reported seeing these waves
rippling across the land surface. One type of surface
wave, called a Love wave, causes horizontal shaking that is
especially damaging to building foundations.

TECTONIC CREEP AND SLOW
EARTHQUAKES

Some active faults exhibit tectonic creep, that is,
gradual movement along a fault that is not accompa-
nied by perceptible earthquakes. For example, tec-
tonic creep along the Cascadia subduction zone
beneath southwestern British Columbia and the state
of Washington produces slow earthquakes, which are
not felt and only recently have been detected.® Also
called fault creep, this process can slowly damage roads,
sidewalks, building foundations, and other structures
(Figure 3.10). Tectonic creep has damaged culverts
under the University of California at Berkeley football
stadium. Movement of 2.2 cm (~1 in.) was measured
beneath the stadium in only 11 years, and periodic re-
pairs have been necessary as the cracks developed.’
More rapid tectonic creep has been recorded on the
Calaveras Fault near Hollister, California. There, a
winery on the fault is slowly being pulled apart at
about 1 cm (~0.4 in.) per year.® Just because a fault
creeps does not mean that damaging earthquakes will
not occur along the fault. Often the rate of creep is a
relatively small portion of the total slip rate on a fault;
periodic sudden displacements that produce earth-
quakes can also be expected.

Slow earthquakes are similar to other earthquakes in
that they are produced by fault rupture. The big differ-
ence is that the rupture, rather than being nearly instan-
taneous, can last from days to months. Slow earthquakes
are a newly recognized fundamental Earth process.
They are recognized through analysis of continuous
geodetic measurement or geographic positioning sys-
tems (GPS), similar to the devices used in automobiles
to identify location. These instruments can differentiate
horizontal movement in the millimeter range and have
been used to observe surface displacements from slow
earthquakes. When slow earthquakes occur frequently,
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say every year or so, their total contribution to changing
Earth’s surface to produce mountains may be significant
over geologic time.”

(b)

A FIGURE 3.10 Tectonic Creep

(a) Slow, continual movement along the San Andreas fault has
split this concrete drainage ditch at AlImaden Vineyards south of
Hollister, California. For scale, there is a person’s shoe and blue
pant leg in the upperleft corner of the image. (James A. Sugar/
National Geographic Creative); (b) creep along the Hayward
fault (a branch of the San Andreas fault) is slowly deforming the
football stadium at the University of California, Berkeley.The
stadium has been redesigned to accommodate this offset along
this vertical opening in the stadium wall. (Duane E. DeVecchio)
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2015 Nepal (Gorkha)
Earthquake: Forecasting
a Catastrophe

Nepal is an Asian country that lies along the
steep slopes of the Himalayan Mountains,
which result from the collision between the
Eurasian and Indian plates (Figure 3.11). The
large earthquake that struck on April 25, 2015
below the Gorkha District of Nepal killed more than
9,000 people and was expected. For years, experts had
been warning that the capital city of Kathmandu was
overdue for a powerful earthquake that could decimate
the rapidly growing city. In fact, a team of about 50
earthquake scientists and social scientists had gathered
in Kathmandu just one week before the event to discuss
the impact and ensuing catastrophe that would follow a
large magnitude earthquake that scientists felt was
imminent.!

The gap in historically large earthquakes west of
Kathmandu between 1505 and 1866 was what con-
cerned scientists (Figure 3.11). With a convergence
rate of about 45 mm/yr, many meters of elastic strain

CASE study

would have accumulated over the past few hundred
years (see Section 3.2). This meant that a powerful
earthquake was overdue to release the accumulated
strain. The 2015 earthquake caused the Eurasian plate
to lurch southward over the Indian Plate by as much as
5 m (16 ft.) along 150 km (93 mi.) zone between the
epicenters of the 2015 and 1866 events (Figure 3.11).
The ground shaking was intense and uplifted the
Kathmandu Valley by as much as 1 m (~3 ft.).!!

With about 10 percent of the population of Nepal
living within the Kathmandu Valley and the adjacent
steep slopes of the highlands, the devastation of April
25 was just what the scientists had predicted.!® Building
collapse was the primary cause of death in urban envi-
ronments, which was expected due to a lack of strict
earthquake construction codes for homes and civil
buildings. Many towns were shaken to complete de-
struction (Figure 3.12), whereas others were completely
wiped away by massive landslides triggered by shaking
of the steep slopes.!” An avalanche triggered by the
earthquake killed 21 people on Mount Everest more
than 20 km (130 mi.) away, making it the deadliest day
in the mountain’s history.

For Nepal the 2015 earthquake was catastrophic. The
damage is estimated to be in excess of $10 billion or about
half of Nepals gross domestic production (GDP).'*
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A FIGURE 3.11 Forecasting an Earthquake

Along one of the most active plate boundaries in the world between the Eurasian Plate and the Indian Plate,
the absence of historic earthquakes (red dots) within the seismic gap northwest of Kathmandu led scientists to
believe that the 2015 Nepal earthquake was eminent.



A FIGURE 3.12 Earthquake Flattened Town

Numerous small towns in the highlands surrounding
Kathmandu were not only shaken to the ground by the 2015
Nepal earthquake, but also bombarded by falling rock from the
slopes above. (Courtesy of Kristen Cook)

Although billions of dollars have been pledged from
around the world to help rebuild, two years after the disas-
ter many tens of thousands of Nepalis are facing a third
monsoon season living in temporary habitations.
Although the 2015 Nepal earthquake and its effects
were anticipated, it is not possible at this time for scientists
to predict earthquakes. As you will learn in the coming
sections of this chapter, scientists often speak in probabili-
ties of an earthquake event occurring within a given time
frame rather than prediction of a specific time and date.

3.2 CHECK your understanding

1. How are active and potentially active faults
defined?

2. Explain the earthquake cycle.

3. Where does the energy that produces seismic
waves come from?

4. What is the difference between the epicenter
and focus of an earthquake?

5. What is the difference in the rates of travel of
P, S, and surface waves?

3.3 Earthquake Shaking

Three important factors determine the shaking you will
experience during an earthquake: (1) earthquake magni-
tude, (2) your location in relation to the epicenter and
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V TABLE 3.3 Global Frequency of Earthquakes by
Descriptor Classification

Descriptor  Average Annual Number of
Magnitude Events

Great 8 and higher 1

Major 7-7.9 14

Strong 6-6.9 146

Moderate 5-5.9 1344

Light 4-4.9 13,000 (estimated)
Minor 3-3.9 130,000 (estimated)
Very 2-2.9 1,300,000 (estimated)
Minor (approx. 150 per hour)

Source: U.S. Geological Survey, “Earthquake Statistics,”
2000-15, https://earthquake.usgs.gov/earthquakes/browse/
stats.php. Accessed 7/21 /2017.

direction of rupture, and (3) local soil and rock conditions.
In general, strong shaking may be expected from earth-
quakes of moderate magnitude or larger (Table 3.3).

EARTHQUAKE MAGNITUDE

In addition to the epicenter location, news reports also
provide a decimal number (e.g., 6.8) that refers to the
size or magnitude of the earthquake. Immediately fol-
lowing an earthquake, the first magnitude estimates
were made using the Richter scale, developed in 1935
by the famous seismologist Charles Richter. The
Richter magnitude of an earthquake is determined by
measuring the maximum amount of ground shaking
due to the S wave. Ground motion, in either a vertical
or horizontal direction, is recorded by an instrument
known as a seismograph or seismometer (Figure 3.13a).

The Richter scale is logarithmic, which means that
the increase from one integer to the next is not linear.
For example, the ground displacement during a magni-
tude 6.0 earthquake is approximately 10 times as great as
displacement during a magnitude 5.0 quake. As you will
learn later in this section, the amount of ground shaking
at any one location is strongly affected by numerous
variables and, therefore, a Richter magnitude is specific
to only one location. Multiple seismographs that detect
an earthquake will record differing Richter magnitudes
depending on where they are located, giving what is
known as a local magnitude. In other words, Richter mag-
nitudes are not an absolute measurement of the size of an
earthquake and, therefore, not well suited for comparing
earthquake sizes around the world.

In order to determine the absolute size of an earth-
quake, the moment magnitude scale was developed in
the 1970s. The moment magnitude is a measurement
of the actual energy released during the earthquake.
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(a) Simplified illustration showing how a seismograph works. (Based on information from Southern California
Earthquake Center) (b) Modern seismograph at the Pacific Geoscience Centre near Victoria, British Columbia,
showing a recording drum on which a seismogram is made. The earthquake is the February 28, 2001, Nisqually,
Washington, earthquake (M 6.8). (AP Photo/Victoria Times Colonist, lan McKain) (c) Idealized seismogram for
an earthquake.The P, S, and surface waves can be identified by changes in the amplitude of the waves on the
graph. (d) Differences in arrival time and amount of shaking at three seismic stations located from 38 to 356 km
(~24 to 221 mi.) from the 1994 Northridge, California, earthquake. As you get farther away from the epicenter,
the seismic waves take longer to reach the seismograph and the amplitude of the waves on the seismograph
decreases. In general, the greater the amplitude of the waves on the seismogram, the stronger is the shaking of
the ground. (Based on information from Southern California Earthquake Center)



The moment magnitude is determined from an esti-
mate of the area that moved along a fault plane during
the quake, the amount of movement or slippage along
the fault, and the strength of the rocks near the focus of
the quake. Unlike the Richter magnitude, which can be
determined immediately following the quake, moment
magnitude estimates can take days to months to calcu-
late precisely. Because of this the Richter and moment
magnitude scales are used in tandem, where immedi-
ately following an earthquake scientists will supply lo-
cal Richter magnitudes to the media, while moment
magnitude calculations are still being made. This is
why news reports of the magnitude of an earthquake
often change over the course of days to months.

Except for very large earthquakes, the magnitude on
the Richter scale is approximately equal to moment
magnitude. Because of this correlation, we will refer to
the size of an earthquake simply as its magnitude, M,
without designating Richter or moment magnitude.

It is interesting to look at how often earthquakes of
various magnitudes occur. Earthquakes are given de-
scriptive adjectives based on their magnitude (see
Table 3.3). For example, most damaging earthquakes are
described as major (M 7-7.9) or strong (M 6-6.9). Major
earthquakes are capable of causing widespread and seri-
ous damage. Strong earthquakes can also cause consider-
able damage depending on their location and the nature
of earth materials. Fortunately, the most powerful grear
earthquakes (M 8 or higher) are uncommon,; the world-
wide average is one per year (Table 3.3). In contrast,
more than 3,500 very minor earthquakes with a magni-
tude of less than 3 occur each day. Most of these quakes
are too small or too remote to be felt by people.

The amount of ground motion produced by an
earthquake is related to its magnitude, depth, and the

V TABLE 3.4 Change in Ground Motion and Energy
Released from an Incremental Change in

Earthquake Magnitude
Units of Ground Change in Amount of
Magnitude Motion Energy Released
Change Change?®
1 10 times About 32 times
0.5 3.2 times About 5.5 times
0.3 2 times About 3 times
0.1 1.3 times About 1.4 times

2 As reflected in the maximum amplitude of S waves on a stan-
dard seismograph. Amplitude is the distance that a seismic
wave is displaced from a baseline (zero line) that is established
when no seismic waves are detected.

Source: U.S. Geological Survey, “Earthquake Facts and Statis-

tics,” 2010, http://earthquake.usgs.gov/earthquakes/eqarchives/
year/eqstats.php. Accessed 7/12/2013.
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geologic environment in which it occurs. As earthquake
magnitudes increase, the amount of ground motion
changes less drastically than the amount of energy re-
leased (Table 3.4). As this table illustrates, the differ-
ence between a M 6 and a M 7 earthquake is
considerable. Although the amount of ground motion,
or shaking, from a M 7 earthquake is 10 times as great
as that from a M 6 earthquake, the amount of energy
released is 32 times as much! The energy released from
a M 6 earthquake is about equivalent to a 30 kiloton
nuclear explosion, compared to about a 1 megaton ex-
plosion for a M 7 earthquake. Another way of looking
at this: It would take 32 M 6 earthquakes to release as
much energy as one M 7 quake.

EARTHQUAKE INTENSITY

The moment magnitude scale provides a quantitative
way of comparing earthquakes. In contrast, earthquake
intensity is often indicated with the qualitative
Modified Mercalli Intensity scale. The 12 categories
on this scale are assigned Roman numerals (Table 3.5).
Each category contains a description of how people
perceived the shaking from a quake and the extent of
damage to buildings and other human-made structures.
For example, the 1971 Sylmar earthquake in California’s
San Fernando Valley had a single magnitude (M 6.7)
but its Mercalli intensity varied from I to XI, depending
on distance from the epicenter and on local geologic
conditions (Figure 3.14). Because building codes are

Neyada J

> Limits of
N felt area
2

S 5 /

California

X

j VII-XI

\

Pacific
Ocean

0 100 Miles
—

—
0 100 Km

A FIGURE 3.14 Intensity of Shaking

Modified Mercalli Intensity map for the 1971 Sylmar, California,
earthquake (M 6.7), determined after the earthquake.The red and
orange areas experienced the most intense shaking. See Table
3.5 for an explanation of the Roman numerals. (U.S. Geological
Survey. 1974. Earthquake Information Bulletin 6[5])
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V TABLE 3.5 Abbreviated Modified Mercalli Intensity Scale

Intensity Effects

| Felt by few people under especially favorable conditions.

1] Felt by only a few persons at rest, especially on upper floors of buildings.

] Felt quite noticeably indoors, especially on upper floors of buildings. Many people do not recognize it
as an earthquake. Standing vehicles may rock slightly. Vibration feels like the passing of a truck.

[\ Felt indoors by many, outdoors by few during the day. At night some awakened. Dishes, windows,
doors disturbed; walls make cracking sound. Sensation of a heavy truck striking building; standing

vehicles rock noticeably.

\ Felt by nearly everyone; many awakened. Some dishes and windows broken. Unstable objects

overturned.

Vi Felt by all; many frightened. Some heavy furniture moved; a few instances of fallen plaster or

damaged chimneys. Damage slight.

Vil Damage negligible in buildings of good design and construction; slight to moderate in well-built
ordinary structures; considerable in poorly built or badly designed structures; some chimneys

broken. Noticed by vehicle drivers.

VIII Damage slight in specially designed structures; considerable damage in ordinary substantial
buildings with partial collapse; damage great in poorly built structures; fall of chimneys, factory
stacks, columns, monuments, and walls. Heavy furniture overturned. Disturbs vehicle drivers.

IX Damage considerable in specially designed structures; well-designed frame structures thrown out of
plumb. Damage great in substantial buildings, with partial collapse. Buildings shifted off foundations.

Underground pipes broken.

X Some well-built wooden structures are destroyed; most masonry and frame structures with

foundations destroyed; train rails bent.

Xl Few, if any, masonry structures remain standing. Bridges destroyed. Underground pipelines taken

out of service. Train rails bent greatly.

Xl Damage total. Waves seen on ground surfaces. Lines of sight and level are distorted. Objects thrown

into the air.

Source: Based on U.S. Geological Survey Earthquake Hazards Program https://earthquake.usgs.gov/learn/topics/mag_vs_int.php.

Accessed 7/21/17.

not the same worldwide, Mercalli intensity can also
vary from country to country—generally greater where
human-made structures are less well constructed (see
Case Study 3.2: Earthquake Catastrophes).

Earthquake intensities are commonly shown on
maps. Conventional modified Mercalli intensity maps,
like that shown in Figure 3.15, take days or even weeks
to complete. They are based on questionnaires sent to
residents near the epicenter, newspaper articles, and re-
ports from damage assessment teams.

Recently the U.S. Geological Survey (USGS) began
experimenting with the use of the Internet to collect
intensity information. The USGS website “Did You
Feel It?” (https://earthquake.usgs.gov/data/dyfi/) solicits
email reports from people in the United States who
have recently felt an earthquake (see Figure 3.25).
These reports are used to prepare an online community
Internet intensity map that is updated every few minutes
after a large earthquake.

Quickly determining where the damage is most se-
vere is one of the major challenges during a damaging
earthquake. This information is now available in parts

of California, the Pacific Northwest, and Utah, where
there are dense networks of high-quality seismograph
stations. These networks transmit direct measurements
of ground motion as soon as the shaking stops. This
information is known as instrumental intensity, and it is
used to immediately produce a shake map that shows
both intensity of shaking and potential damage. Figure
3.15 shows shake maps for the 1994 M 6.7 Northridge,
California, earthquake and the 2001 M 6.8 Nisqually
earthquake centered in Puget Sound, Washington. The
technology to produce and distribute shake maps in the
minutes following an earthquake was made available in
2002." The cost of seismographs is small relative to
damages from earthquake shaking, and the arrival of
emergency personnel is critical in the first minutes and
hours following an earthquake if people in collapsed
buildings are to be rescued. The shake map is also use-
ful for locating areas where gas lines and other utilities
are likely to be damaged. Clearly, the use of this tech-
nology, especially in our urban areas vulnerable to
earthquakes, is a desirable component of our prepared-
ness for earthquakes.
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A FIGURE 3.15 Shake Maps: Differences in Real-Time Instrumental Intensity of Shaking
(a) Instrumental Intensity map for the 1994 Northridge, California, earthquake (M 6.7) prepared as the
earthquake occurred. (U.S. Geological Survey and courtesy of David Wald); (b) The 2001 Nisqually,
Washington, earthquake (M 6.8). (Pacific Northwest Seismograph Network, University of Washington)
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DEPTH OF FOCUS

In addition to distance, the depth of an earthquake influ-
ences the amount of shaking. Recall that the place within
Earth where the earthquake starts is the focus. In gen-
eral, the deeper the focus of the earthquake, the less
shaking that will occur at the surface. The seismic waves
lose much of their energy before they reach the surface
when the earthquake is relatively deep. This loss of en-
ergy, referred to as attenuation. For example, attenuation
occurred in the 2001 Nisqually, Washington, earthquake
(M 6.8) (Figure 3.15b). The Nisqually quake occurred
along the Cascadia subduction zone at a depth of 52 km
(~32 mi.). In comparison, there was less attenuation and
more shaking in the 1994 Northridge quake (M 6.7),
which had a shallower focus depth of 19 km (~12 mi.),
but a very similar magnitude (Figure 3.15a).

DIRECTION OF RUPTURE

A third factor that influences the amount of shaking is the
direction that the rupture moves along the fault during
the earthquake. Although rupture may proceed in many
directions from the focus, the path of greatest rupture can
focus earthquake energy. This behavior, known as directiv-
ity, contributes to the amplification of seismic waves and
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thus to increased shaking. For example, in the 1994
Northridge quake, the path of greatest rupture on the
fault was to the northwest (Figure 3.16). This trend caused
the most intense shaking to occur northwest of the epi-
center rather than directly over the focus.

DISTANCE TO THE EPICENTER

"To determine the distance to the epicenter, it must first
be located using information about the P and S waves
detected by seismographs (see Figure 3.13a and b). The
written or digital record of these waves is called a seisrzo-
gram. On a seismogram, the P and S waves appear as an
oscillating line that looks similar to an electrocardio-
graph (ECG) of a person’s heartbeat (see Figure 3.13c).
Because P waves travel faster than S waves, they will al-
ways appear first on a seismogram. Seismologists read
the seismogram and use the difference between the time
that the first P and S waves arrive (S-P) from a quake to
determine how far away the epicenter is. For example, in
Figure 3.13c, the S waves arrived 50 seconds after the P
waves. This 50-second delay would occur if both types of
waves traveled from an epicenter about 420 km
(~261 mi.) away. Seismographs scattered across the globe
will thus record different arrival times for P and S waves
from an earthquake. The seismograph stations that are

< FIGURE 3.16 Direction of Rupture
Toward the Area of Most Intense Shaking
Aerial view of the Los Angeles region from

the south showing the epicenter and intensity
of shaking of the M 6.7 1994 Northridge
earthquake.The red area in the center of the
bull’s-eye patterns 10 km (~6 mi.) northwest of
the epicenter had the most intense shaking.
The bottom of the figure shows the focus and
the section of the fault plane that ruptured
during the quake. Colors on the fault plane
show how much slippage occurred. Greatest
slippage is in the reddish-purple bull's-eye
pattern northwest of the focus. Rupture started
at the focus and followed the direction of the
white arrow to the northwest. (U.S. Geological
Survey, “USGS Response to an Urban Earth-
quake, Northridge ‘94, U.S. Geological Survey
Open File Report 96-263, 1996)
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A FIGURE 3.17 Locating an Earthquake

Generalized concept of how the epicenter of an earthquake

is located. First, the distance to the event is determined from
information on seismograms from at least three seismic sta-
tions. Those distances are then used to draw circles around the
seismic stations. The point where the circles come together is
the epicenter, in this case the epicenter of the 2001 EI Salvador
earthquake. Accurate location of the epicenter is not always as
simple as in this hypothetical example.

farthest from the epicenter will observe the greatest dif-
ference between P and S wave arrival times. This rela-
tionship was observed for the 1994 Northridge,
California, earthquake (see Figure 3.13d).

The difference between P and S arrival times at seis-
mographs in different locations can be used to pinpoint
the epicenter of an earthquake. To accomplish this, a dis-
tance to the epicenter is calculated for each of three seis-
mographs, and the respective values are used for the radius
of a circle drawn around each seismic station. These cir-
cles will intersect in one location—the epicenter. The pro-
cess of locating a feature using distances from three points
is called #riangulation. Thus, the epicenter of an earth-
quake in Central America can be located by triangulation
from seismic stations in Honolulu, Hawaii; Berkeley,
California; and San Juan, Puerto Rico (Figure 3.17).

LOCAL GEOLOGIC CONDITIONS

The nature of the local earth materials and local geo-
logic structure strongly influences the amount of ground
motion. Earth materials of various types behave differ-
ently in an earthquake. This difference is related to their
degree of consolidation. Seismic waves move faster
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A FIGURE 3.18 Material Amplification of Shaking
Generalized relationship between near-surface earth material
and amplification of shaking during an earthquake. The material
amplification is highest in water-saturated sediment.

through consolidated bedrock than they do through un-
consolidated sediment or soil. They slow even further if
the unconsolidated material has high water content. For
example, seismic waves typically slow down as they move
from bedrock to stream deposits of sand and gravel,
called alluvium, and then slow again as they move
through coastal deposits of mud. As P and S waves slow
down, the energy that was once directed forward is
transferred to the vertical motion of the surface waves
(Figure 3.18). This effect, known as material amplifica-
tion, strongly influences the amount of ground motion
experienced in an earthquake.

For example, in the 1989 Loma Prieta earthquake
(M 6.9) in northern California, the most severe ground
shaking was experienced along the shore of San Francisco
Bay (Figure 3.19a). Intense ground motion caused the col-
lapse of sections of the upper deck of the eastern span of
the Bay Bridge and the Nimitz Freeway in Oakland, kill-
ing 41 people, and caused extensive damage in the Marina
district of San Francisco (Figure 3.19b and 3.19c). The
portion of the freeway that collapsed was built on bay fill,
mud that had been dumped into San Francisco Bay to cre-
ate new land. Likewise, the Marina district was created
after the 1906 San Francisco earthquake by filling in the
shoreline with debris from damaged buildings and with
mud pumped from the bottom of the bay.!® The uncon-
solidated nature of the bay fill and mud, combined with
its high water content, caused the increased shaking.
Amazingly, the effects of material amplification meant
that the greatest shaking occured 65 km (~40 mi.) north of
the epicenter near San Francisco (Figure 3.19a). Following
the Loma Preita earthquake it was clear to geologists and
engineers that the eastern span of the Bay Bridge was not
earthquake safe and that a new bridge would need to be
constructed. The new bridge span cost $6.5 billion and
took nearly 25 years to complete, not becoming open for
traffic until 2013 (Figure 3.19d).

The deaths of more than 8,000 people in the 1985
Mexico City earthquake (M 8.0) provide yet another
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A FIGURE 3.19 Loma Prieta Earthquake

(a) Map of earth materials in the San Francisco Bay region, showing the San Andreas fault zone and the epicen-
ter of the 1989 M 6.9 earthquake (southeastern part of map). The most severe shaking was on the muddy bay
shore (bright orange) where there are natural deposits of mud and the bay has been filled in to create new land.
(b) Shaking caused the collapse of the Nimitz Freeway (I-880) in Oakland, which was built above bay fill and
mud deposits. (Tom Van Dyke/MCT/Newscom) (c) Damage to buildings in the Marina district of San Francisco
resulting from poorly supported first floor that has shifted due to intense shaking caused by material amplifica-
tion. (John K. Nakata/USGS) (d) Completed in 2013 the eastern span of the Bay Bridge stands in front of the old
bridge deemed not earthquake safe following the 1989 earthquake. (Getty)



tragic example of material amplification. This quake fur-
ther demonstrated that buildings constructed on materi-
als that are likely to accentuate and increase seismic
shaking are extremely vulnerable to earthquakes, even if
the event is centered several hundred kilometers away.
Much of Mexico City is built on mud deposits from an-
cient Lake Texcoco. When seismic waves struck the un-
consolidated mud, the amplitude of surface shaking
appears to have increased by a factor of 4 or 5. More than
500 buildings fell down from the intense shaking.!” In
many buildings, the amplified shaking collapsed upper
floors onto lower ones like a stack of pancakes.!® Local
geologic structures can also influence the amount of
shaking. For example, troughlike geologic structures,
such as synclines and fault-bounded sedimentary basins,
can focus seismic waves the way a magnifying lens fo-
cuses sunlight. This causes severe shaking in some areas
and less intense shaking in others.

b i

‘J_———li

A FIGURE 3.20 Earthquake Damage
(a) Survivors rescue an injured neighbor from a collapsed building in Balakot, Pakistan, in 2005. (FAROOQ
NAEEM/AFP/Getty Images) (b) Collapsed buildings from 2008 earthquake in China that killed about 87,500
people. (AP Photo/Greg Baker) (c) Collapsed apartment building in foreground due to an earthquake in ltaly,

in 2009. (Orlando/ZUMA Press/Newscom) (d) The brown area in the center of this image is the landslide that
buried more than 500 homes in the Las Colinas neighborhood of SantaTecla, a western suburb of San Salvador,
the capital of El Salvador. The landslide was triggered by a January 2001 earthquake. (USGS)
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3.2

Earthquake Catastrophes:
Lessons Learned

Catastrophic  earthquakes are devastating
events that can destroy large cities and take
thousands of lives in a matter of seconds. A
sixteenth-century earthquake in China report-
edly claimed 850,000 lives. More recently, a
1923 earthquake near Tokyo killed 143,000
people, and a 1976 earthquake in China killed
several hundred thousand. In 2005 a catastrophic earth-
quake struck northern Pakistan. Although the epicenter
was in Pakistan, extensive damage also occurred in
Kashmir and India (Figure 3.20a). More than 80,000 peo-
ple were killed, and over 30,000 buildings collapsed. A
catastrophic continental earthquake occurred in China’s

CASE study
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Sichuan Province in 2008, killing about 87,500 people.
Some villages were completely buried by landslides, and
more than 5 million buildings collapsed (Figure
3.20b).1%?021 On January 12, 2010, an earthquake struck
Haiti and killed about 240,000 people (see Figure 1.1).22
The recent earthquakes that took thousands of lives have
a common dominator: They all caused tremendous loss of
life because the buildings people were in collapsed.
Homes, schools, hospitals, and industrial buildings were
subject to collapse in strong shaking because they were
not constructed with earthquakes in mind, or the required
construction codes were ignored, presumably to save
money. In short, most deaths were human induced. We
have experience with strong shaking in California
(Northridge in 1994), and more recently in Chile
(February 27,2010), where an earthquake about 500 times
as strong as the Haiti earthquake only a month earlier
killed not hundreds of thousands but hundreds. An earth-
quake several times smaller than the Northridge quake
struck the town of I’Aquila in Italy in 2009, and many of
the buildings there collapsed, killing about 300 people
(Figure 3.20c). A similar earthquake in California proba-
bly would have caused very few deaths, if any. The Italian
event was a catastrophe because the buildings were not
constructed to sustain moderate seismic shaking.

Building regulations and zoning played an important
role in determining the extent of damage from these
earthquakes, as they did in the 2011 Tohoku earthquake
(see Applying the Fundamental Concepts). Other fac-
tors, such as depth of the earthquake rupture and the
nature of the soil and rock at and near the surface, were
also important in explaining the pattern of damage.
However, the dominant factor linked to the number of
deaths was the degree to which buildings could with-
stand the shaking. Criminal complaints have been lodged
against some construction companies when experts con-
clude that poor building materials were used or building
codes were ignored. The pattern of damage following
some earthquakes supports these complaints—many
older homes were shaken, but not damaged, whereas
newer homes were reduced to rubble.

Finally, a catastrophic 2001 earthquake in EI Salvador
illustrates that the number of casualties can be linked to
where, not just how, structures were built. The Las Colinas
neighborhood in Santa Tecla suffered the greatest loss of
life from quake-related landslides, mainly from one giant
slide (Figure 3.20d). The extensive damage appears to
have resulted from building homes below a slope of loose
earth material and from poor land-use practices. Balsamo
Ridge, the hill above the community, is composed of un-
stable volcanic ash and other granular materials that are
susceptible to landslides. Local authorites and environ-
mentalists also claim that deforestation and greed were
directly responsible for intensifying the disaster. Residents
of Las Colinas had pleaded with the government to block

construction of mansions on the hillside above them. The
residents correctly argued that fewer plants covering the
bare ground would leave them vulnerable to landslides.
Their pleas were ignored, the mansions went up, and dur-
ing the earthquake, the slopes came down.

Although we cannot control the geologic environ-
ment or the depth of an earthquake, there is much we
can do to avoid excessive damage and loss of life. The
deaths in Haiti, Italy, El Salvador, and China are espe-
cially tragic because much of the devastation could have
been avoided if building regulations had been enforced,
and protecting lives had been more important than
building cheaper structures or making more money.
Sound planning techniques and earthquake engineer-
ing of buildings can prevent unnecessary damage and
loss of life. For examples, the 1989 Loma Prieta earth-
quake near San Francisco killed about 63 people, but a
similar earthquake in Pakistan, India, or Mexico could
kill at least several tens of thousands of people. The dif-
ference is that homes in California are constructed to
better withstand earthquake shaking.’! The lesson here
is that areas with many buildings properly designed and
built to withstand shaking, as in Chile and California,
result in far fewer deaths from collapsed buildings than
areas where construction is substandard.”?

3.3 CHECK your understanding

1. What does moment magnitude measure? How is
it different from a Richter magnitude?

2. How do seismologists locate earthquakes?

3. How does the depth of an earthquake’s focus
relate to shaking and damage?

4. What types of earth materials amplify seismic
waves?

5. How is material amplification related to
earthquake damage?

6. What is the primary cause of an earthquake
catastrophe due to a moderate size earthquake?

3.4 Geographic Regions at Risk
from Earthquakes

Earthquakes are not randomly distributed. Most occur
in well-defined zones along the boundaries of Earth’s
tectonic plates (see Figure 3.2). In the United States,
the areas with the highest earthquake risk include the
Pacific coastal areas of California, Oregon, Washington,
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A FIGURE 3.21 Seismic Hazard in Contiguous United States
A probabilistic approach to the seismic hazard in the contigu-
ous United States. Colors indicate level of hazard. (From U.S.
Geological Survey Fact Sheet FS-131-02, 2002)

Alaska, and Hawaii; an area along the California—
Nevada border; and the territories of Puerto Rico and
the Virgin Islands (Figure 3.21). For Canada, the risk is
greatest in British Columbia and the Yukon Territory
(Figure 3.22). This distribution is not surprising, since,
with the exception of Hawaii, these areas are on or very
close to plate boundaries. What may be more surpris-
ing are the high-risk zones in South Carolina, the

3.4 Geographic Regions at Risk from Earthquakes 85

central Mississippi River Valley, and the St. Lawrence
River Valley. These areas are not close to present-day
plate boundaries, but they have experienced large in#ra-
plate earthquakes.

PLATE BOUNDARY EARTHQUAKES

Earthquakes occur along all three types of plate
boundaries—convergent, divergent, and transform. The
world’s great earthquakes with magnitude greater than
M 9 are usually associated with subduction zones (see
Applying the Fundamental Concepts). In the past 100
years, earthquakes greater than M 9 have been associated
with subduction along what is called the “megathrust”
that helps define the zone. These events are called
megathrust earthquakes. The great Chile earthquake
of 1960 was a megathrust event of M 9.5 that killed
about 1,650 people. The earthquake occurred before the
concept of subduction and the theory of plate tectonics
had been proposed. The 2010 M 8.8 Chile earthquake,
while smaller than the 1960 event, was most likely on the
megathrust fault system that defines the down-going
slab in the subduction zone offshore. According to the
U.S. Geological Survey, the 2010 earthquake was gener-
ated at the gently sloping fault that separates the down-
going Nazca plate to the east from the overriding South
American plate to the west (Figure 3.23). The regional
rate of convergence between the two plates is about 7 cm
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A FIGURE 3.23 2010 Chile Megathrust Earthquake

The largest recorded earthquakes are known to happen along
subduction zones, like the (M 9.5) 1960 and (M 8.8) 2010 Chile
quakes, when the interface between the overriding plate (South
American) and subducting plate (Nazca) ruptures. (Based on
Lutgens, F, and Tarbuck, E., Essentials of Geology. New York:
Macmillan, 1992; From the CIA World Factbook)

(~2.7 in.) per year. The mostly offshore rupture exceeded
500 km (~310 mi.) parallel to the coast (along the sub-
duction zone). The rupture began deep (35 km or 22 mi.)
beneath the coast and spread to the west, north, and
south. As the rupture propagated, the fault slip generated
intense earthquake shaking. This earthquake killed
about 500 people. Fault slip warped the ocean floor, gen-
erating a damaging local tsunami in Chile’s coastal areas
(see Case Study 3.3: Survivor Story).”*

In the western United States, earthquakes are com-
mon along the transform San Andreas fault zone and the
convergent Cascadia and Aleutian subduction zones.
Whereas California and Alaska are famous for their
earthquakes, Nevada, Utah, Idaho, Montana, Wyoming,
Oregon, and Washington also experience quakes.

As you recall from Chapter 2, California straddles
two lithospheric plates: the Pacific plate west of the San
Andreas fault zone, and the North American plate to the
east (see Figure 2.1). The motions of these plates in es-
sentially opposite directions along the San Andreas and
related faults result in frequent damaging earthquakes.
The 1989 Loma Prieta earthquake (M 6.9) on the San
Andreas fault system south of San Francisco caused 63
deaths, 3,757 injuries, and an estimated $5.6 billion in
property damage (see Figure 3.19). Both deaths and in-
juries would have been significantly greater if many
people had not stayed home to avoid the crowds and
congestion of the third game of the World Series in
Oakland. Neither the Loma Prieta earthquake nor the
Northridge earthquake (M 6.7) was considered a great
earthquake. A great earthquake (M 8 and higher)

occurring today in a densely populated part of Southern
California could inflict $100 billion in damage and kill
several thousand people.?’ Thus, neither quake was the
anticipated “big one” in California. Both plate boundary
earthquakes were initially puzzling because they did not
produce a surface rupture. They demonstrated how
much we still need to learn about earthquake processes.

This story about the Loma Prieta quake illustrates
how observing a sequence of events related to an earth-
quake does not mean that we understand the causes

behind them:

Shortly before the quake struck, a two-year-old boy
was out playing in his yard and discovered how to
turn on the lawn sprinklers. His mother was not
amused and took him to his room for disobeying
her instructions. Shortly after she had returned to
the yard, the Earth began to tremble violently. She
heard her child yell and ran back into the house to
find him terrified. He then remained very quiet
until his father came home from work. On seeing
his father, the child’s first words were an emotional
“Daddy, don’t turn on the sprinkler!”?¢

The more we know about the probable location, magni-
tude, and effects of an earthquake, the better we can esti-
mate the damage that is likely to occur and make the
necessary plans for minimizing loss of life and property.

INTRAPLATE EARTHQUAKES

Although much less common than plate boundary
earthquakes, intraplate earthquakes can be large and
extremely damaging. Because they occur less often,
there is generally a lack of preparedness, and buildings
may not be able to withstand strong shaking. At least
two earthquakes greater than M 7.5 occurred in the
winter of 1811-12 in the central Mississippi Valley
(Figure 3.24). The quakes nearly destroyed the town of
New Madrid, Missouri, and killed an unknown number
of people. They were felt in nearly every city of eastern
North America from New Orleans to Quebec City in
Canada, an area of more than a million square miles.?’
Seismic waves from these quakes rang church bells in
Boston, more than 1600 km (~1000 mi.) away!
Associated ground motion produced intense surface
deformation over a wide area from Mempbhis, Tennessee,
230 km (~140 mi.) north of the earthquakes, to the con-
fluence of the Mississippi and Ohio Rivers. As a result,
forests were flattened, fractures in the ground opened
so wide that people had to cut down trees to cross them,
and land sank several meters, causing local flooding.
Journal and newspaper reports also indicate that local
uplift of the land surface actually caused the Mississippi
River to reverse its flow for a short time.”®
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arry Keller (Figure 3.3.A)
is a consulting ge-
ologist, hydrologist,
and geophysicist who
earned his Ph.D. at the University
of California at Santa Barbara.
He contributes to professional
projects encompassing everything
from industrial to governmental
applications. He has more
than 25 years of academic and
professional experience in geo-
logical reconnaissance, earth-
quake seismology, geophysical
exploration, soil and groundwater
investigation and remediation,
storm water management, dredge
material study design, and hazard-
ous waste planning. Dr. Keller
has a home in Santa Barbara and

another in Pichilemu, a beach
town in central Chile known as a
surfer’s paradise. It is a rare op-
portunity for a professional who
knows the science of earthquakes
to write from personal experience.
The following is Dr. Keller’s story.

Strong earthquakes are a recur-
ring hazard in some parts of the
world, including the rim of the
Pacific Ocean. Surviving a strong
earthquake entails two basic
phases: The first is surviving the
shaking itself, and the second is
surviving the following days when
basic infrastructure such as roads,
water, electricity, and telephones
may be out of service.

First Phase: The most important
way to prepare to survive strong

3.3
Survivor
Story
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shaking is to build strong buildings,
as well as well-designed roads,
water storage facilities, and other
infrastructure. The time of day that
an earthquake occurs and where
people happen to be are also im-
portant factors affecting the number
of fatalities and injuries.

Second Phase: Storage of emer-
gency supplies such as food, water,
candles, flashlights with batteries,
and generators with fuel are very
helpful in the days following an
earthquake. To this might be added
cash, since our ubiquitous sources
of money, ATMs, do not work when
the power is out.

My wife, Rosemarie, and |
survived the M 8.8 earthquake
and accompanying tsunami on

< FIGURE 3.3.A Survivors of the
2010 Chilean Earthquake

Barry Keller and his wife Rosie in front of
the Golden Gate Bridge in San Francisco
near one of Dr. Keller’s field study sites.
(Edward A. Keller)
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the coast of central Chile in Febru-
ary 2010.The west coast of South
America is above the subduction
zone in which various oceanic plates
are consumed beneath the South
American continental plate, so very
large earthquakes are a recurring
fact of life. This particular part of the
subduction zone had not ruptured
in more than 100 years and so was
identified as a “seismic gap” likely
to have a “BIG ONE”

As a geophysicist who studies
such risks for environmental re-
views, | was well aware of the seis-
mic gap and the potential for large
earthquakes and tsunamis when
we built our house in Pichilemu
(Figure 3.3.B), a beach resort and
surfing destination on the coast at
34.5° south latitude, which is similar
to the north latitude of central Cali-
fornia. Accordingly, the house was
designed for seismic safety, built
of poured concrete and concrete
block with lots of rebar. It is on a hill
at about 120 m (~400 ft.) elevation,
well above the elevations typically
reached by tsunamis.

In the dark of that very early
Saturday morning, | was already
awake, having gone to the bath-
room and checked my watch at
3:22 A.m.The quake occurred at

sl it
B e o

3:34 A.M. The motion may have built
up for a few seconds, then was
VERY strong for about a minute—I
was quickly thinking “This is for
real!” | tried to check my watch
again (as my seismology professor,
Charlie Richter, taught us!), but the
lights went out. Pretty strong mo-
tion was felt for about two to three
more minutes. When the quake
“went off," | started to regain my
belief that my life expectancy was
more than a few seconds and that
my roof was NOT about to collapse;
it was quite interesting to me as a
geologist who studies such risks.
However, it was quite terrifying to
most other people, including my
wife.

The feeling of the strong motion
was similar to flying in a plane
through severe turbulence but with
more high-frequency jolts. | sat on
the corner of the bed, holding on.
The good news is that the house
came through with no structural
damage. However, items on shelves
were strewn all over and there was
lots of broken glass on the floor, so
it is good advice to put on shoes
before walking around in the dark
in such a situation.

Within minutes, lots of people
came up the hill to the roundabout

at the bottom of our driveway.
Many more were on the next hill
over, the official evacuation spot.
The lessons of the Sumatra tsunami
were taken to heart by the Chilenos,
and most people rapidly headed
for high ground. It was a calm night
with a full moon, which made evac-
uation easier, and people stayed
until dawn. People continued to
camp on both hills for several days.
That night, information was
minimal; one local radio station
was broadcasting, but without out-
side news, and an AM station from
Argentina was on the air, again
with minimal news. It was Sunday
before we knew the extent of the
damage in the rest of the country.
The tsunami struck the coast
within 20 minutes of the earth-
quake. Damage at Pichilemu
included complete destruction of
a surf school (Escuela de Surf),
restaurant, and cabanas at Punta de
Lobos, a famous surf spot. In the
lower downtown part of Pichilemu,
there was widespread flooding, but
the tsunami did not hit with enough
force to destroy buildings. Only one
life was lost, a child camped on the
beach, so the evacuation was very
effective, especially considering
that this was the final weekend of

< FIGURE 3.3.B The Keller Home in Pichilemu, Chile
The home was constructed with poured concrete and rebar
to strengthen the structure in case of an earthquake, and it is
situated at 120 m (~400 ft.) elevation, well above the height
of an earthquake-generated tsunami. (Edward A. Keller)



summer vacation and there were
lots of people at the coast.

Farther south along the coast
there was much more destruc-
tion from the tsunami, including
severe damage to a Chilean Navy
base atTalcahuano harbor, near
Concepcién.

We had no electricity for two
days (until we left for Santiago—it
stayed out three more days). My
house has a booster pump for
water, so without power we had no
water pressure—although we had
plenty of water in a storage tank (I
have a boat bilge pump to get the
water out, but it is very slow) and |

had lots of bottles of water stashed,
because the power goes out often.
We had cell phones the first day,
but then (according to the local
scuttlebutt) the gasoline for the
emergency generator ran out, so
the phones went out.

Aftershocks were generally
pretty sharp, with almost continu-
ous motion for many hours. Daily
aftershocks continued for weeks,
including an M 6.9 very local
one that cracked some plaster at
our house. The aftershocks were
nerve-wracking, especially for the
nongeologists, and caused a great
deal of mental stress for the local

populace, if not much physical
damage.

Most modern structures fared
well in the quake, minimizing loss
of life. Many older adobe structures
were damaged, including historic
churches, government buildings,

a museum, and the funeral parlor.
However, at 3:30 A.m. on a Saturday
morning, most such structures
were not occupied, again minimiz-
ing loss of life. The timing was also
fortuitous for major roads, which
suffered cracking and fallen bridges
but, with little traffic at that hour, no
loss of life.

—EDWARD A. KELLER

< FIGURE 3.24 Intraplate Seismic Zone

(a) The cities of New Madrid, Missouri, and Charleston, South Caro-
lina, were the sites of several large earthquakes even though the
cities are located thousands of kilometers from the nearest North
American plate boundary (red lines). (b) The New Madrid seismic
zone, highlighted here by earthquake epicenter locations since 1974
(red crosses), is the most earthquake prone region in the United
States east of the Rocky Mountains. (U.S. Geological Survey)
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Madrid seismic zone, a seismically active portion of a
structure known as the Mississippi
Embayment (Figure 3.24b). The embayment is a
downwarped area of Earth’s crust where the litho-
sphere is relatively thin. At least two hypotheses exist
to explain this: (1) Thinning took place near the end
of the Proterozoic eon, around 600 million years ago,
when a divergent plate boundary developed in the
southeastern United States; and (2) the thinning is
related to the passage of the North American Plate
over a mantle hot spot during the Cretaceous period,
around 95 million years ago. In either case, the obser-
vations of landforms and rates of uplift in the
Mississippi Valley indicate that the seismic activity is
recent, perhaps less than 10,000 years ago.

The recurvence interval, or time between events, for
large earthquakes in the Mississippi Embayment is esti-
mated to be several hundred years.”®?’ With material
amplification, the New Madrid seismic zone appears to
be capable of producing intensities commonly associ-
ated with great earthquakes in California. Thus, the
interior of the North American Plate is far from
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“stable.” In recognition of this, the Federal Emergency
Management Agency (FEMA) and affected states and
municipalities have adopted a new building code de-
signed to mitigate major earthquake hazards.

Another large, damaging intraplate earthquake
(M ~7.3) occurred on the night of August 31, 1886,
near Charleston, South Carolina (Figure 3.24a). This
earthquake killed about 60 people and damaged or de-
stroyed most buildings in Charleston. More than 102
buildings were completely destroyed and nearly 14,000
chimneys fell, many because of poor construction fol-
lowing a great fire in 1838. The quake was felt from
Canada to Cuba and as far west as Arkansas.”” Effects of
the earthquake were reported at distances exceeding
1000 km (~620 mi.) from the epicenter.

Intraplate earthquakes in the rest of the United States
are generally more damaging and felt over a much larger
area than similar magnitude earthquakes in California
(Figure 3.25). Because the rocks in the eastern United
States are generally stronger and less fractured, they can

more efficiently transmit earthquake waves. Empirical
data from the 2011 M 5.8 Central Virginia earthquake
suggest that more than 50 million people in the eastern
United States (about one-third of the country) felt the
quake. The Central Virginia earthquake also triggered a
landslide 245 km (~150 mi.) from the epicenter, which is
four times farther away than previous studies of world-
wide earthquakes of the same size. Based on what they
have learned from this event, earthquake scientists at the
United States Geological Survey suggest equations used
to calculate ground shaking may need to be modified.*

3.4 CHECK your understanding

1. How do plate boundary and intraplate
earthquakes differ?

2. Why are earthquakes on the East Coast felt by
more people than on the West Coast?

Did You Feel It?

M6.0 earthquake
2. .. Central California

Central Virginia
Aug. 23, 2011

Stars show epicenters
and dots show where
people reported at least
weak shaking.

ZUSGS

science for a changing world

A FIGURE 3.25 Plate Boundary vs. Intraplate Earthquakes

U.S. Geological Survey Community Internet Intensity Map for two recent earthquakes (epicenters shown with
yellow stars). Different color dots show the locations of people who submitted online responses to the “Did You
Feel I1t?” website for either the Central Valley plate boundary earthquake (red dots) or the Central Virginia intra-
plate earthquake (green dots). Although the two quakes were similar in magnitude, the intraplate earthquake
was felt over a much larger area than was the plate boundary quake. (From “New Evidence Shows Power of
East Coast Earthquakes: Virginia Earthquake Triggered Landslides at Great Distances,” USGS 2012, www.usgs.
gov/newsroom/article.asp?id=3447#.Ui9caRZyHdk)
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3.5 Effects of Earthquakes
and Linkages with Other
Natural Hazards

Shaking is not the only cause of death and damage dur-
ing earthquakes. Many earthquakes cause other hazards
and are thus an excellent example of how natural haz-
ards are often linked. The primary effects of an earth-
quake are those caused directly by fault movement,
such as ground shaking and its effects on people and
structures, and surface rupture. Secondary effects are
those that subsequently result from the faulting and
shaking. These include liquefaction of the ground,
regional changes in land elevation, landslides, fire,
tsunamis, and disease. We will discuss the effects of tsu-
namis, large ocean waves that are often generated by
earthquakes, in Chapter 4.

SHAKING AND GROUND RUPTURE

The immediate effects of a catastrophic earthquake can
include violent ground shaking accompanied by wide-
spread surface rupture and displacement of Earth’s sur-
face. Although most surface cracks produced by
earthquakes are the result of liquefaction and landslides
(discussed later), a major surface rupture may occur
along the fault that was the source for the earthquake.
This rupture commonly creates a low cliff, called a
fault scarp, which may extend for kilometers along the
fault (Figure 3.26). It is clear from the figure why you
would not want to build your house directly along the
trace of where the fault intersects Earth’s surface.
However, in many cases it is unavoidable, and some

human-made structures must be built across known
faults. In these cases, precautions must be taken to min-
imize the effects of ground rupture (see Case Study 3.4:
Denali Fault Earthquake).

The 1906 San Francisco earthquake (M 7.8) pro-
duced 6.5 m (~21 ft.) of horizontal displacement along
the San Andreas fault north of San Francisco. Studies
following the quake indicate that portions of the bay
area reached a maximum Modified Mercalli intensity of
X1.? At this intensity, rapid surface movements can snap
and uproot large trees and knock people to the ground.
This level of shaking may damage or collapse large
buildings, bridges, dams, tunnels, pipelines, and other
rigid structures.’!

The great 1964 Prince William Sound, Alaska, earth-
quake (M 9.2) caused extensive damage to transporta-
tion systems, railroads, airports, and buildings. Both the
1989 Loma Prieta (M 6.9) and 1994 Northridge earth-
quakes (M 6.7) were much smaller than the great Prince
William Sound earthquake, yet the damage they caused
was far more costly. In inflation-adjusted dollars, the
Loma Prieta quake was five times as costly as the Alaska
quake and the Northridge quake was 20 times as costly.
With losses of at least $20 billion, the Northridge earth-
quake was one of the most expensive hazardous events
in U.S. history."”

The Northridge earthquake caused so much dam-
age because there were so many human-made struc-
tures there to be damaged. Most of the destruction was
in the San Fernando Valley northwest of Los Angeles
(see Figure 3.15), a highly urbanized area with a high
population density that experienced intense shaking.

Violent ground shaking can be especially damaging
to buildings if the horizontal motion is particularly
strong or if the frequency of the shaking matches the

< FIGURE 3.26 Fault Scarp
This small cliff, called a fault scarp,
was produced by the rupturing

of Earth’s crust during the 1992

M 7.3 Landers earthquake in
California. The rupture could be
traced for a distance of 70 km

Y (~43 mi.) across the Mojave Desert.
P8 (NoAA)
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natural vibrational frequency of the building. Shaking is
commonly measured as ground acceleration and is com-
pared to the overall acceleration of gravity. The match-
ing of vibrational frequencies is called resonance and
can affect buildings a significant distance away from the
epicenter. One- and two-story buildings typically have
high vibrational frequencies, in contrast to tall build-
ings that have low vibrational frequencies. In general,
high shaking frequencies damage low buildings and low
shaking frequencies damage tall buildings.

Ground shaking can also be a significant hazard to
dams and levees (see Applying the Fundamental
Concepts). Partial failure of the Van Norman Dam in
the 1971 M 6.7 Sylmar earthquake came perilously
close to flooding more than 80,000 people downstream
of the dam." Parts of the dam slid into the reservoir,
which fortunately at the time was only about half full of
water. People living downstream were evacuated, and
the water level was lowered in the reservoir as a precau-
tion. Likewise, in northern California, ground shaking
from an earthquake in the San Francisco Bay area could
produce intense shaking in the Sacramento River Delta.
This shaking could cause the failure of levees along the
river, resulting in widespread flooding and potential
disruption of the water supply to Southern California.

&
FS

The Denali Fault
Earthquake: Estimating
Potential Ground Rupture
Pays Off

On November 3, 2002, a magnitude 7.9 earth-
quake occurred in early afternoon on the
Denali fault in a remote section of south-
central Alaska (Figure 3.27a). Historical move-
ment along the fault was primarily horizontal
(right-lateral strike-slip), and the 2002 earthquake was
no exception. Along the fault zone, the quake produced a
surface rupture approximately 340 km (~210 mi.) in
length and a horizontal displacement of up to 8 m
(~26 ft.). Although the quake caused thousands of land-
slides, intense shaking, and many areas of liquefaction,
there was little structural damage and no deaths—
primarily because few people live in the affected area.>
The Denali fault earthquake demonstrated the value
of seismic hazard assessments for geologic faults.
Geologists studied the fault in the early 1970s as part of
planning for the Trans-Alaskan pipeline. Where the
pipeline crosses the Denali fault, the investigators de-
termined that the fault zone is several hundred meters
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A FIGURE 3.27 Trans-Alaska Oil Pipeline Survives

M 7.9 Earthquake

(a) In its construction, the Alaskan oil pipeline was designed to
withstand several meters of horizontal displacement where it
crossed the Denali fault south of Fairbanks. That design was put to
the test in 2002 when it shifted horizontally 4.3 m (~14 ft.) during
the M 79 Denali fault earthquake. (b) Built-in bends of the pipeline
on slider beams with Teflon shoes accommodated the earthquake
rupture as designed. This was strong confirmation of the impor-
tance of estimating potential ground rupture and taking action to
mitigate it. (U.S. Geological Survey/U.S. Department of the Interior)

wide and could experience a 6 m (~20 ft.) horizontal
displacement in a M 8 earthquake.

These estimates were used in the engineering de-
sign of the pipeline across the fault zone. In anticipa-
tion of a future earthquake, the pipeline was elevated
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on long horizontal steel beams with Teflon shoes that
allowed it to slide horizontally up to 6 m (~20 ft.).
These slider beams were installed along a zigzag path
for the pipeline for added flexibility and horizontal
movement during an earthquake (Figure 3.27b). As
anticipated, the 2002 earthquake occurred within the
mapped fault zone and caused the pipeline to shift hori-
zontally about 4.3 m (~14 ft.). Because of advanced en-
gineering design, the pipeline suffered little damage
and there was no oil spill from the quake.

Although the $3 million cost for the design and con-
struction of the pipeline across the fault may have
seemed excessive in 1970, in retrospect it was money
well spent. Today the pipeline delivers approximately
11 percent of the domestic oil supply for the United
States and transports more than half a million barrels of
oil each day. A pipeline break caused by an earthquake
would have a significant and costly impact on our oil
supply. Current estimates are that the repair of the
pipeline and cleanup of the oil spill alone would cost
several million dollars.*?

LIQUEFACTION

During earthquakes, intense shaking can cause a near-
surface layer of water-saturated sand to change rapidly
from a solid to a liquid. This effect, called liquefaction,
is most common in M 5.5 and greater earthquakes
when there is strong shaking in Holocene sediment,
that is, deposits less than about 10,000 years old.’!
Layers of solid sand can liquefy into a soupy mixture of

sand and water as seismic waves pass through the earth
material. Vibrations from the passing seismic waves in-
crease water pressure in the space between sand grains.
When the water pressure exceeds the downward-
directed pressure from the overlying material, the sand
grains and other objects buried in the sand effectively
“float,” like pieces of vegetables suspended in a thick
stew. This creates a sand slurry that flows upward, often
squirting through cracks to the surface. Once the shak-
ing slows and the water pressure decreases, the liquefied
sediment re-compacts and becomes solid again. A simi-
lar change from solid to liquid and back to solid again
can also occur in “quicksand” on a beach or river sand
bar. Liquefaction in earthquakes commonly causes the
land surface to shift or subside.

The liquefaction of sand layers about 10 m (~30 ft.)
below the surface has caused four-story apartment
buildings to tip over, highway bridges to collapse, and
dams to fail (Figure 3.28). It has also brought empty
underground tanks, pipelines, and bridge pilings float-
ing to the surface (see Applying the Fundamental
Concepts).** Liquefaction can cause slope failure and
ground subsidence over large areas. One amazing indi-
cator of liquefaction are “sand volcanoes,” small mounds
of sand formed at the surface where water from lique-
fied layers squirts out of the ground.

REGIONAL CHANGES IN LAND
ELEVATION

Vertical deformation of the land surface is a hazard
linked to some large earthquakes. This deformation in-
cludes both regional uplift and subsidence of Earth’s

< FIGURE 3.28 Building
Collapse from Liquefaction
These apartment buildings
collapsed as a result of liquefac-
tion of sandy sediment beneath
Niigata, Japan, in 1964. The

M 75 earthquake that caused
the liquefaction killed 26 people.
(NOAA)
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surface. These changes in elevation can cause substan-
tial damage in coastal areas and along streams and can
raise or lower the groundwater table.

The great 1964 Prince William Sound earthquake
(M 9.2) provided a dramatic example of regional de-
formation in Alaska. This quake caused vertical de-
formation over an area of more than 250,000 km’
(~97,000 mi.%), a land surface slightly larger than the
state of Vermont.>* Within this area, uplift of as much as
10 m (~30 ft.) exposed and killed coastal marine life,
lifted docks out of the water, and shifted the shoreline
away from fish canneries and neighboring homes. In
other areas, subsidence of as much as 2.4 m (~8 ft.) re-
sulted in the partial flooding of several communities.
Both the uplift and subsidence produced changes in the
groundwater table.

LANDSLIDES

Two of the most closely linked natural hazards are earth-
quakes and landslides. Earthquakes are one of the most
common triggers for landslides in hilly and mountainous
areas. Landslides triggered by earthquakes can be ex-
tremely destructive and cause great loss of life. For ex-
ample, a giant landslide triggered by the 1970 Peru
earthquake buried the cities of Yungay and Ranrahirca.
An estimated 20,000 of the 70,000 people who died in the
quake were killed by the landslide. Both the 1964 Alaska
earthquake and the 1989 Loma Prieta earthquake caused
extensive landslide damage to buildings, roads, and other
structures. The 1994 Northridge earthquake and associ-
ated aftershocks triggered thousands of landslides.

A giant landslide from the side of a mountain was
triggered by the 2015 Gokha earthquake (Figure 3.29).

A FIGURE 3.29 Earthquake-Triggered Landslides

Before (above) and after (below) images of the village of Langtang, which was completely buried by
a massive landslide that was triggered by the 2015 Gorkha earthquake (see Case Study 3.1). (David
Breahshears/GlacierWorks)
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Thousands of other landslides were also triggered by
the earthquake, most of which were on the steep slopes
of the Himalayan Mountains.

The 2008 M 7.9 earthquake in China caused many
landslides. Large landslides buried villages and blocked
rivers, forming “earthquake lakes” that produced a seri-
ous flood hazard, should the landslide dam fail by over-
topping or erosion. Channels were excavated to slowly
drain lakes and reduce the flood hazard.*¢

As mentioned in Case Study 3.2, a large landslide as-
sociated with the January 2001 El Salvador earthquake
(M 7.7) buried the community of Las Colinas, killing
hundreds of people (see Figure 3.20d). Tragically, the
landslide might have been avoided if the slope that failed
had not been cleared of vegetation to construct luxury
homes.

FIRES

Fire is another major hazard linked to earthquakes.
Shaking of the ground and surface displacements can
break electrical power and natural gas lines, thus start-
ing fires. The threat from fire is even greater because
firefighting equipment may be damaged; streets, roads,
and bridges may be blocked; and essential water mains
broken. In individual homes and other buildings, appli-
ances such as gas water heaters may be knocked over,
causing gas leaks that are ignited. Earthquakes in both
Japan and the United States have been accompanied by
devastating fires (Figure 3.30). As discussed in the in-
troduction to Chapter 2, the San Francisco earth-
quake of 1906 has repeatedly been referred to as the

“San Francisco Fire” because 80 percent of the damage
was caused by firestorms that ravaged the city for sev-
eral days. The 1989 Loma Prieta earthquake also
caused large fires in the Marina district of San Francisco.

Most fires after an earthquake are not wildfires be-
cause they start in urban areas where gas and electrical
lines are located. However, in a warm, dry area such as
Southern California, it is possible for an urban fire to
spread to wild lands, causing a wildfire.

DISEASE

Outbreaks of diseases are sometimes associated with
large earthquakes. They may be caused by a loss of san-
itation and housing, contaminated water supplies, dis-
ruption of public health services, and the disturbance of
the natural environment. Earthquakes also rupture
sewer and water lines, causing water to become pol-
luted by disease-causing organisms.

An interesting example of how an earthquake-related
disturbance can result in a disease outbreak occurred in
Southern California. Desert soils in the southwestern
United States and northwestern Mexico contain spores
of a fungus that causes a respiratory illness known as va/-
ley fever. Landslides from the 1994 Northridge earth-
quake raised large volumes of desert dust containing
these fungal spores. Winds carried the dust and spores to
urban areas such as Simi Valley, where an outbreak of
valley fever occurred. More than 200 cases of the disease
were diagnosed within eight weeks after the earthquake,
16 times the normal number of cases. Fifty of these peo-
ple were hospitalized and three died.’’

< FIGURE 3.30
Earthquake and Fire
Fires associated with the
1995 M 6.9 Kobe, Japan,
earthquake caused exten-
sive damage to the city.
(The Asahi Shimbun via
Getty Images)
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3.5 CHECK your understanding

1. What are the effects of earthquake induced
liquefaction?

2. What is tectonic subsidence?

3. Why do disease outbreaks sometimes follow
major earthquakes and other large natural
disasters?

3.6 Natural Service Functions
of Earthquakes

When we are confronted with the death and destruc-
tion caused by large earthquakes, it is difficult to imag-
ine that there could be any benefits from such disasters.
However, earthquakes, like many other natural hazards,
do provide natural service functions. They contribute
to the development of groundwater and energy re-
sources, the formation and exposure of valuable min-
eral resources, and the development of landforms.

GROUNDWATER AND ENERGY
RESOURCES

Geologic faults produced by earthquakes strongly in-
fluence the underground flow of water, oil, and natural
gas (see Figure 1.15). Fault zones with coarsely broken
earth materials can act as preferential paths for fluid
movement. These faults may serve as conduits for the
downward flow of surface water or as zones through
which groundwater comes back to the surface as
springs. Barton Springs in Austin, Texas, is one of many
major springs that discharge from fault zones.

In other settings, faulting creates natural under-
ground dams to slow or redirect the flow of water, oil,
or natural gas. These dams develop where faulting pul-
verizes rock to form an impervious clay barrier and
where faulting moves impervious earth materials
alongside earth materials containing water, oil, or natu-
ral gas. Such subsurface dams are responsible for oases
in arid areas of Southern California and for many un-
derground accumulations of oil and gas in Texas,
Oklahoma, Alberta, and elsewhere.

MINERAL RESOURCES

Faulting related to earthquakes may be responsible for
the accumulation or exposure of economically valuable
minerals. Mineral deposits commonly develop along
cracks associated with faulting. These mineral-filled
cracks, called veins, can be the source of precious metals

such as gold, silver, and platinum (see Figure 3.3). Veins
associated with large fault zones may produce enough
minerals to be economically viable for extraction.

LANDFORM DEVELOPMENT

Earthquakes can form scenic landforms over long inter-
vals of geologic time. Uplifts of earth materials along
geologic faults can produce hills, rugged mountain
ranges, and coastal terraces. A spectacular example of the
role that earthquakes have played in creating scenic land-
forms is found in Grand Teton Natonal Park in north-
western Wyoming. In the past several million years,
earthquakes along faults both inside and outside the park
have allowed the Teton Range to rise and Jackson Hole
to subside, creating a scenic mountain front.

The fault zones themselves may become part of
landforms if they contain broken rock that is more eas-
ily eroded than earth materials in surrounding areas.
Easily eroded fault zones commonly become valleys cut
by streams and rivers. For example, the course of the
Hudson River in southeastern New York appears to be
controlled by geologic faulting in the underlying bed-
rock, and the Rio Grande Rift Valley in New Mexico is
the result of normal faulting.

FUTURE EARTHQUAKE HAZARD
REDUCTION

Frequent small earthquakes may help prevent larger
ones in the same area. If we assume that small earth-
quakes release pent-up energy, then the reduction in
elastic strain may lower the chance of a devastating
earthquake along a particular fault. In fact, scientists try
to identify areas along active faults that have not experi-
enced earthquakes in a long time. As discussed later,
these areas, called “seismic gaps,” can have the greatest
potential for producing large earthquakes in the future.*

3.6 CHECK your understanding

1. Summarize how earthquakes can be beneficial.

3.7 Human Interaction with
Earthquakes

As a natural hazard, an earthquake cannot be prevented or
controlled; we can only devise ways to minimize the death
and destruction it causes. That does not mean, however,
that we cannot cause earthquakes ourselves. In fact,



several human activities are known to increase or cause
earthquake activity. Damage from these earthquakes is re-
grettable, but the lessons learned may help control or stop
large catastrophic earthquakes in the future.

EARTHQUAKES CAUSED BY HUMAN
ACTIVITY

The actions of people have caused earthquakes in three
ways:*’

> Loading the Earth’s crust, as in building a dam and
reservoir

> Injecting liquid waste deep into the ground
through disposal wells

> Creating underground nuclear explosions.

Water Reservoirs Construction of a large, deep
reservoir behind a dam on a river may create, or in-
duce, earthquakes. The huge weight of the water in a

Locus of earthquake
hypocenters

o Sedime.n}c;}y rock

(al

Rocky Mountains Arsenal
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new reservoir can create or extend fractures in adja-
cent rock and increase water pressure in the surround-
ing groundwater. These effects may produce new
faults or lubricate and activate existing faults. In the
United States, several hundred local tremors occurred
in the decade following the completion of Hoover
Dam and the filling of Lake Mead in Arizona and
Nevada. Most of these quakes were very small, but one
was M 5 and two were about M 4.°% In India and
China, reservoir filling has triggered earthquakes with
a magnitude greater than 6.0. Two of these quakes
killed hundreds of people and severely damaged the

reservoir dams.’!

Deep Waste Disposal In the carly 1960s, an un-
planned experiment by the U.S. Army provided the first
direct evidence that injecting fluids into Earth can cause
earthquakes. From April 1962 to November 1965, the
Denver, Colorado, area experienced several hundred

earthquakes, far more than normally occur over this
length of time. The largest quake (M 4.3) caused

< FIGURE 3.31 Human-Caused
Earthquakes in Golorado

(a) A red line encompasses the area where
most of the earthquakes occurred and

a natural fault is present about 10 km
(~6.2 mi.) southwest of the disposal

well. (b) Injection of waste stopped in
1966; the well was permanently sealed

in 1986. Earthquake activity has settled
back to the natural frequency. An
earthquake of magnitude 4.2 occurred

in 1982, suggesting the faulting remains
active. Data from www.geosurvey.state.
co.us. Rocky Mountain Arsenal—The
most famous example of induced
earthquakes. Accessed 12/5/10. (Adapted

from Evans, D. M., “Man-made

Earthquakes/month

Earthquakes in Denver,” Geotimes 10:
11-18, 1966. Reprinted by permission of
American Geosciences Institute.)

No waste
injected
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sufficient shaking to knock bottles off shelves in stores.
Geologist David Evans traced the source of the earth-
quakes to the Rocky Mountain Arsenal, a chemical weap-
ons plant on the northeast side of Denver. Liquid waste
from the plant was being injected under pressure down a
deep disposal well 3600 m (~11,800 ft.) into Earth. The
injected liquid increased underground fluid pressure and
caused slippage of numerous fractures in metamorphic
rock. Evans demonstrated a high correlation between the
rate of waste injection and the location and timing of the
earthquakes. When the injection of waste stopped, so did
the earthquakes (Figure 3.31).*” Deep well injection has
also triggered earthquakes in Ohio and Texas.*#

Recognizing that the injection of fluids into Earth
could trigger an earthquake was an important develop-
ment because it drew attention to the relationship be-
tween fluid pressure and earthquakes. Subsequent studies
of subduction zones and active fold belts suggest that high
fluid pressures are present in many areas where earth-
quakes occur. One hypothesis is that fluid pressure rises in
an area until rocks break, triggering an earthquake and
discharging fluid upward. After the event, fluid pressure
begins to build up again, beginning another cycle.

Nuclear Explosions Underground tests of nuclear
weapons in Nevada have triggered numerous earth-
quakes with magnitudes as large as 6.3.%% An analysis of
the aftershocks suggests that these explosions may have
released some natural strain within Earth. This has led
to discussions by scientists as to whether nuclear explo-
sions might be used to prevent large earthquakes by
releasing strain before it reaches a critical point. Even if
such techniques were feasible and legal liability and en-
vironmental issues were resolved, the explosive release
of strain on one fault might trigger unanticipated
earthquakes on other faults.

3.7 CHECK your understanding

1. How can humans cause earthquakes?

3.8 Minimizing the Earthquake
Hazard

One important reason why earthquakes cause great dam-
age and loss of life is that they often strike without warn-
ing. Because of this, a great deal of research is being
devoted to anticipating earthquakes. The best we can do
at present is to forecast the likelihood that an earthquake
will occur in a particular area or on a particular segment of

a fault. These forecasts use probabilistic methods to deter-
mine the risk. A forecast will say that an earthquake of a
given magnitude or intensity has a high probability of oc-
curring in a given area or fault segment within a specified
number of years. These forecasts assist planners who are
considering seismic safety measures or people who are de-
ciding where to live. However, long-term forecasts do not
help residents of a seismically active area anticipate and
prepare for a specific earthquake. An actual prediction
specifying the time and place of an earthquake would be
much more useful, but the ability to make such predic-
tons has eluded us. Predicting earthquakes depends to a
large extent on observation of natural phenomena or
changes in Earth that precede an event.

THE NATIONAL EARTHQUAKE HAZARD
REDUCTION PROGRAM

In the United States, the USGS as well as university
and other scientists are developing a National
Earthquake Hazard Reduction Program. The major
goals of the program are listed here:*

> Develop an understanding of the earthquake source.
"This goal requires obtaining information about the
physical properties and mechanical behavior of
faults and developing quantitative models of the
physics of the earthquake process.

> Determine earthquake potential. This goal requires
detailed study of seismically active regions to de-
termine their paleoseismicity, identify active faults,
and determine rates of deformation (see Case Study
3.5: A Closer Look). This information is used to
calculate probabilistic forecasts and to develop
methods for intermediate- and short-term predic-
tions of earthquakes.

> Predict effects of earthquakes. This goal requires ob-
taining informaton needed to predict ground rupture
and shaking and an earthquake’s effects on buildings
and other structures. This information is used to
evaluate losses associated with the earthquake hazard
(see Case Study 3.6: Professional Profile).

> Apply research results. The program educates indi-
viduals, communities, states, and the nation about
earthquake hazards. This goal requires better plan-
ning for earthquakes and ways to reduce loss of life
and property.

ESTIMATION OF SEISMIC RISK

Several types of hazard maps are used to communicate
earthquake risk. The simplest maps indicate relative
hazard by showing the locations of epicenters of
historic earthquakes of various magnitudes. More



informative maps communicate the probability of a
particular event or the amount of shaking likely to oc-
cur. For example, a seismic-shaking hazard map of
California (Figure 3.32) shows areas in purple through
red that have a chance of experiencing a damaging
earthquake in a 30-year period. Within the colored
area, the red and orange regions have the greatest seis-
mic hazard because they are likely to experience the
most intense shaking in the next 30 years. Regional
earthquake-hazard maps are also helpful in establish-
ing property zoning restrictions and determining in-
surance rates. Figure 3.33 shows the probability of a
M 6.7 or larger earthquake occurring on faults in the
San Francisco Bay region. There is a 62 percent prob-
ability of at least one M 6-7 or greater earthquake oc-
curring before 2032.% The probability is based on past
earthquake activity, fault displacement, and slip rate.
In addition to mapping, the state of California is
now classifying faults as a method for assessing seismic
risk. Geologic faults are classified based on the maxi-
mum moment magnitude that the fault can produce
and the slip rate of the fault. Slip rate is determined by
the amount of movement along a fault averaged over

Regional 30-Year
Earthquake Probabilities

S.F. LA.
Magnitude  region  region
6.7 63% 67%
No. Cal. So. Cal.
Magnitude  Region  Region
6.7 63% 97%
68% 82%
15% 37%

2% 3%

San Franciseo;

30-Year
Earthquake
Probability

100%
10%
1%
0.1%
0.01%
0.001%

A FIGURE 3.32 Probabilities of damaging (> M 6.7)
Earthquakes in California Over Next 30 Years

(Field, E. H., Milner, K. R., and the 2007 Working Group on
California Earthquake Probabilities. 2008. Forecasting Califor-
nia’s earthquakes—What can we expect in the next 30 years?
U.S. Geological Survey Fact Sheet. 2008-2027)
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thousands of years and numerous earthquakes. It is not
actual slippage that takes place along a fault each year.
Although classifying faults provides more information
than simply determining if a fault has been active in the
past 10,000 years, the long-term slip rates of most ma-
jor faults in North America are unknown or determined
only by information collected at one or two sites.**

SHORT-TERM PREDICTION

The short-term prediction of earthquakes is an active
area of research. Predictions must rely on precursors,
events or changes that occur before the mainshock of
the earthquake. Unlike a forecast, a true earthquake
prediction specifies a relatively short time period (days
to weeks) in which the event is likely, an estimated mag-
nitude for the quake, a relatively limited geographic
area, and a probability of occurrence. The basic proce-
dure for predicting earthquakes was once thought to be
as easy as “one-two-three.”” First, deploy instruments
to detect potential precursors of a future earthquake;
second, detect and recognize the precursors that indi-
cate when and how big an earthquake will be; and third,
after reviewing the data, publicly predict the earth-
quake. Unfortunately, earthquake prediction is much
more complex than first thought.

Japanese seismologists made the first attempts at
earthquake prediction using the frequency of small #zicro-
earthquakes (M < 2), repetitive surveys to detect tilting of
the land surface, and measurements of changes in the local
magnetic field of Earth. They found that earthquakes in
the areas they studied were nearly always accompanied by
swarms of microearthquakes several months before the
major shocks. Furthermore, they found that ground tlt
correlated strongly with earthquake activity.*®

Chinese scientists predicted a major earthquake
(M 7.0) in 1975, saving thousands of lives. Although
this prediction appears to have been successful by
chance, because Chinese scientists had issued many un-
successful predictions and also subsequently failed to
predict major quakes, the result was beneficial.*> The
predicted earthquake destroyed or damaged about
90 percent of the buildings in Haicheng, China. Most
of the town’s 9000 people were saved because of a mas-
sive evacuation from potentially unsafe housing.

The short-term prediction was based primarily on a
series of progressively larger foreshocks that began four
days prior to the main event.

Unfortunately, foreshocks do not precede most
large earthquakes, and there is no method for distin-
guishing a foreshock from any other earthquake. In
1976, one of the deadliest earthquakes in recorded his-
tory (M 7.5) struck near the mining town of Tangshan,
China, killing more than 240,000 people. There were
no foreshocks.
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SAN FRANCISCO BAY REGION

< FIGURE 3.33 Shaking-Hazard

EARTHQUAKE PROBABILITY Map

magnitude 6.7 or greater
earthquakes from 2003 to 2032.
\@J | This result incorporates 14% odds
% 4 of quakes not on shown faults.

Probability of at least one M 6.7 or
greater earthquake occurring before
2032 on any fault in the San Francisco
Bay region. Small colored boxes show
the probabilities of the quake occurring
on each of the major faults. (From U.S.
Geological Survey Fact Sheet 039-03)
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In addition to foreshocks, many phenomena have
been proposed as precursors for earthquakes. They
range from lunar tides to unusual animal behavior.
Reports of animal behavior have included unusual
barking of dogs, chickens that refuse to lay eggs, horses
or cattle that run in circles, rats perched on power lines,
and snakes crawling out in the winter and freezing. To
date, no scientific studies show a correlation between
unusual animal behavior or lunar tides and earthquakes.
Earthquake prediction is still a complex problem. Even
if reliable precursors can be identified, dependable
short-range predictions are many years away. Such pre-
dictions, if they are possible, will most likely be based
upon precursory phenomena such as the following:

> Patterns and frequency of earthquakes, such as
foreshocks discussed earlier with the predicted
Haicheng earthquake

> Deformation of the ground surface

> Seismic gaps along faults
> Geophysical and geochemical changes in Earth.

Ground Deformation Changes in the land elevation,
referred to as uplift and subsidence, that occur rapidly or are
unusual may help predict earthquakes. For example, more
than 120 km (~75 mi.) of the western Japanese coast expe-
rienced several centimeters of slow uplift in the decade
prior to the 1964 Niigata earthquake (M 7.5).°° A similar
uplift occurred over a five-year period prior to the 1983
Sea of Japan earthquake (M 7.7).%!

Uplifts of 1 to 2 m (~3 to 7 ft.) also preceded large
Japanese earthquakes in 1793, 1802, 1872, and 1927.
These uplifts were recognized by sudden withdrawals
of the sea from the land. On the morning of the 1802
earthquake, the sea suddenly withdrew about 300 m
(~980 ft.) in response to an uplift of about 1 m (~3 ft.).
Four hours later, the earthquake struck, destroying
many houses and uplifting the land another meter.”°
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arthquake hazard assess- and reservoir site (Figure 3.5.C). shown consists of a north-dipping

ment is primarily meant to The objective is to predict strong reverse fault and an associated

safeguard against loss of ground motion at the dam from fold (anticline) located north of

life and major structural several seismic sources (faults) in the dam, as well as a right-lateral
failures rather than limit damage the area.The tectonic framework strike-slip fault located south of the

or maintain functional aspects of
society, including roads and utili-
ties.**The basic philosophy behind
the seismic hazard evaluation is
to find what is known as a design
basis ground motion, defined as
the ground motion that has a 10
percent chance of being exceeded
in a 50-year period (equivalent to
1in 475 chance of being exceeded
each year).This is determined in
California by a series of maps
showing strong motion PGA (peak
ground acceleration) for earthquake
waves of 0.3-second period for
one- and two-story buildings, and
1.0-second period for taller build-
ings.*’ The USGS makes predictions
for peak acceleration and velocity
of shaking using an earthquake-
planning scenario for a particular
fault. Figure 3.5.A shows a sce-
nario for a M 7.2 event on the San
Andreas fault in San Francisco.*®
Assessing the earthquake
hazard at a particular site includes
identifying the tectonic framework |nstr.umentc| | =1 | v - VI VI VI
(geometry and spatial pattern of infensity
faults or seismic sources) in order
to predict earthquake slip rate
and ground motion (Figure 3.5.B).

Perceived |Not felt Light | Moderate | Strong |~ Very Severe | Violent |Extreme
shaking Strong

Potential | none | none | none | Very light | Light | Moderate | Moderate | Heavy | Very
damage /Heavy Heavy

A FIGURE 3.5.A Earthquake Planning Scenario
This scenario is for a M 7.2 event on the San Andreas fault in San Francisco, California.
Instrumental Intensity refers to the Mercalli scale (see Table 3.5). (From Implications

Predicting slip rate and ground for Earthquake Hazard in the San Francisco Bay Area, US Geological Survey Open File
motion can be illustrated by a Report 03-214. By Working Group on California Earthquake Probabilities 2003. http:/
hypothetical example of a dam seismo.berkeley. edu/~rallen/teaching/eps256-s07/WG02SumCh1Ch2.pdf)
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< FIGURE 3.5.B
Assessment of Earthquake
Hazard by Modeling of
Ground Motion

(Based on A. Vogel and K.
Brandes (eds.), Earthquake
prognostics. Brannschweig/
Weisbaden: Friedr. Vieweg &
Sohn, 1-13)

< FIGURE 3.5.C Tectonic
Framework for a Hypothetical
Dam Site

(a) Geologic map of hypothetical
paleoseismic earthquake hazard
evaluation site. (b) Cross-section
A-A’, showing seismic sources
and distances of possible
ruptures to the dam. See (a) for
location of cross-section.



dam. Figure 3.5.C is a cross-section
through the dam, illustrating the
geologic environment, including
several different earth materials,
folds, and faults. Assuming that
earthquakes would occur at depths
of approximately 10 km (~6 mi.),
the distances from the dam to the
two seismic sources (the reverse
fault and the strike-slip fault) are
42 km and 32 km (~27 mi. and
20 mi.), respectively. Thus, for
this area, two focal mechanisms
are possible: reverse faulting and
strike-slip faulting.

Another step in the process
is to estimate the largest earth-
quakes likely to occur on these
faults. Assume that fieldwork in
the area revealed ground rupture
and other evidence of faulting in

the past, suggesting that, on the
strike-slip fault, approximately

50 km (~31 mi.) of fault length
might rupture in a single event
with right-lateral strike-slip motion
of 2 m (~6.6 ft.). The fieldwork also
revealed that the largest rupture
likely on the reverse fault would
be 30 km (~18.6 mi.) of fault length
with vertical displacement of about
1.5 m (~5 ft.). Given this informa-
tion, the magnitudes of possible
earthquake events can be esti-
mated from graphs such as those
shown in Figure 3.5.D.%° Fifty kilo-
meters (~31 mi.) of surface rupture
are associated with an earthquake
of approximately M 7. Similarly,
for the reverse fault with surface
rupture length of 30 km (~19 mi.)
the magnitude of a possible

earthquake is estimated to be
M 6.5. Notice that in the first graph
the regression line predicting the
moment magnitude is for strike-
slip, normal, and reverse faults.
Statistical analyses have suggested
that the relation between moment
magnitude and length of surface
rupture is not sensitive to the style
of faulting.*®

Slip rate (the vertical compo-
nent) and average return period
can be estimated from geologic
data collected in a trench exca-
vated across a fault. Figure 3.5.E
shows the stratigraphy (trench
log) for the site shown in Figure
3.5.C.The slip rate is about 1 mm/
yr (1 m per 1,000 years), and the
average return period is about
1,300 years.
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A FIGURE 3.5.D Relationship between Moment Magnitude of an Earthquake and Deformation

Data for 77 events were used to estimate potential earthquake magnitude based on (a) surface rupture length
and (b) maximum displacement. (a) Solid line is the “best-fit” or regression line, and dashed lines are error

bars at significant difference between the lines. (Adapted from Wells, Donald L., and Coppersmith, Kevin J. New
empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement.
Bulletin of the Seismological Society of America, 84(4): 992 (figure 9), August 1994. Reprinted by permission of

the authors.)
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Total vertical component of slip in 4,000 yrs about 4.0 m in 4,000 yrs or
1 mm/yr (1 m/1000 years)

Most recent event about 1.5 m in 2,000 yrs or 0.8 mm/yr
Last two events about 2.8 m in 3,000 yrs or 0.9 mm/yhr

L ~.~Buried fault ;

Average return period 3 events in 4,000 yrs
about 1,300 year return period

Seismic Gaps Areas along an active fault zone that
are likely to produce large earthquakes but that have
not produced one recently are known as seismic gaps.
These areas are believed to be temporarily inactive
while they store elastic strain for future large earth-
quakes (see Case Study 3.1).* The seismic-gap concept
was the basis for what may have been the first scientific,
long-term earthquake forecast. In 1883, the multital-
ented USGS geologist G. K. Gilbert forecast a cata-
strophic earthquake for the Salt Lake City segment of
the Wasatch fault based on evidence of its inactivity.*?
Since 1965, the seismic-gap concept has been used suc-
cessfully in intermediate-range forecasts for at least 10
large plate-boundary earthquakes. One of these quakes
took place in Alaska, three in Mexico, one in South
America, and three in Japan. In the contiguous United
States, seismic gaps along the San Andreas fault in
California include one near Fort Tejon that last rup-
tured in 1857 and one along the Coachella Valley, a seg-
ment that has not produced a great earthquake for
several hundred years. Both gaps are likely to produce a
great earthquake in the next few decades.**

Geophysical and Geochemical Phenomena
Local changes in Earth’s gravity, magnetic field, and abil-
ity to conduct electrical currents have been associated
with earthquakes. Changes have also been observed in
groundwater levels, temperature, and chemistry.’? Many
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< FIGURE 3.5.E Paleoseismic Trench
Log

Trench exposes sedimentary layers

that have been deformed by faulting.
Numerical dating of these sediments can
provide information about the timing
and rate of deformation. Location of the
trench site is shown on Figure 3.5.C.

Sand and clay
2,000 years old

Gravel and sand
3,000 years old

Sand and clay
4,000 years old

of these changes may occur before an earthquake as
rocks expand and fracture and as the fractures fill with
water. For example, changes in the ability of earth mate-
rials to conduct an electrical current, referred to as elec-
trical resistivity, have been reported before earthquakes in
the United States, Fastern Europe, and China.*’ Also,
significant increases in the radon content of well water
were reported in the month or so prior to the 1995
Kobe, Japan, earthquake (M 6.9).}

THE FUTURE OF EARTHQUAKE
PREDICTION

We are still a long way from a working, practical meth-
odology to reliably predict earthquakes. However, a
good deal of information is currently being gathered
concerning possible precursor phenomena associated
with earthquakes. To date, the most useful precursor
phenomena have been patterns of earthquakes, particu-
larly foreshocks, and recognition of seismic gaps.
Optimistic scientists around the world today believe that
we will eventually be able to make consistent long-range
forecasts (decades to centuries), intermediate-range
forecasts (months to decades), and short-range predic-
tions (hours to weeks) for the general locations and mag-
nitudes of large, damaging earthquakes.

Although progress on short-range earthquake pre-
diction has not matched expectations, intermediate- to



long-range forecasting, including hazard evaluation and
probabilistic analysis of areas along active faults, has pro-
gressed faster than expected (see Case Study 3.6:
Professional Profile).”* For example, the 1983 Borah
Peak earthquake (M 6.9) on the Lost River fault in cen-
tral Idaho has been lauded as a success story for
intermediate-range  earthquake hazard evaluation.
Previous evaluation had suggested that the fault was
active.” The earthquake killed two people and caused
approximately $15 million in damages. Movement dur-
ing the earthquake created a fault scarp several meters
high and numerous ground fractures along a 36 km
(~22 mi.) rupture zone. Investigation after the earth-
quake found that the new fault scarp and fractures were
superimposed on previously existing fault scarps, validat-
ing the usefulness of careful mapping of scarps produced
by prehistoric earthquakes. Remember—where the
ground has broken before, it is likely to break again!

We hope eventually to be able to predict earthquakes.
Because of this hope, nearly 30 years ago, the USGS es-
tablished a plan for issuing earthquake predictions and
more urgent earthquake warnings (Figure 3.34). This plan

Earthquake prediction and warning
proposed information flow
e USGS
- Earthquake
Scientists predigﬁon headquorters‘/j_\
Council
‘ Y
State State
earthquake disaster [?
P prediction =| response R
review group group E
0 ¥ i
o\ oca Regional C
officials offices T
A |R
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<N3 Federal offices Officials
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A FIGURE 3.34 Issuing a Prediction or Warning

Flowchart for the U.S. plan for issuance of an earthquake prediction
and warning.The plan calls for a National Earthquake Prediction
Evaluation Council of seismologists from government agencies,
universities, and the private sector to evaluate predictions and
warnings before they are passed on to state and local officials and
the public. (From McKelvey, V. E. 1976. Earthquake prediction—
opportunity to avert disaster. U.S. Geological Survey Circular 729)

3.8 Minimizing the Earthquake Hazard 105

requires independent scientific review before information
is transmitted to government officials and the public.

Government officials and news media that give pub-
licity and thus credence to predictions that have not
been scientifically reviewed do a great disservice to the
community. This precept was demonstrated in 1990
when a pseudoscientific prediction for an earthquake in
New Madrid, Missouri, was acted on by some govern-
ment and business leaders and publicized by local, state,
and national media—even after the prediction was
rejected by the Natonal Earthquake Prediction
Evaluation Council.’® Schools and businesses closed,
public events were canceled, people evacuated their
homes, and more than 30 television and radio vans con-
verged on the predicted epicenter.’”” Widely publicizing
earthquake predictions that have not been indepen-
dently vetted by seismologists is the geologic equiva-
lent of yelling “fire” in a crowded movie theater.

EARTHQUAKE WARNING SYSTEMS

Technically it is feasible to develop an earthquake warn-
ing system that would provide up to about 1 minute of
warning to the Los Angeles area prior to the arrival of
damaging earthquake waves from an event several hun-
dred kilometers away. Such a system would be based on
the principle that radio waves travel much faster than
seismic waves. For nearly 15 years, the Japanese have had
such a system that provides earthquake warnings for
their high-speed trains; derailment of one of their “bul-
let” trains by an earthquake could kill hundreds of people
(see Applying the Fundamental Concepts).

A proposed system for California involves a sophisti-
cated network of seismometers and transmitters along the
San Andreas fault. This system would first sense motion
associated with a large earthquake and then send a warn-
ing to Los Angeles, which would then relay the warning to
critical facilities, schools, and the general populaton
(Figure 3.35). The warning time would range from as lit-
tle as 15 seconds to as long as 1 minute depending on the
location of the earthquake epicenter. This interval could
be enough time for many people to shut down machinery
and computers and take cover.’® Remember that an earth-
quake warning system is not a prediction tool because it
warns that an earthquake has already occurred.

Because the warning time is so short, some people
believe that the damage to scientific credibility caused
by false alarms would be far greater than the benefits of
a brief warning. In the Japanese system, it is estimated
that around 5 percent of the warnings turn out to be
false alarms. Others have expressed concern for liability
issues resulting from false alarms, warning system fail-
ures, and damage and suffering resulting from actions
taken as the result of false early warnings.
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< FIGURE 3.35 Earthquake
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seismic waves. Once an earthquake is
detected, a signal is sent ahead of the
seismic shaking to warn people and
facilities. The warning time, generally
measured in seconds, depends on
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3.8 CHECK your understanding

1. What kinds of information are useful in
assessing seismic risk?

2. What kinds of phenomena may be precursors
for earthquakes?

3. What is the difference between an earthquake
prediction and a forecast?

3.9 Perception of and
Adjustment to the
Earthquake Hazard

PERCEPTION OF THE EARTHQUAKE
HAZARD

The experience that Earth is not so firm in places is dis-
concerting to people who have felt even a moderate
earthquake. The large number of people, especially chil-
dren, who suffered mental distress following the San
Fernando and Northridge earthquakes in California at-
tests to the emotional and psychological effects of earth-
quakes. These events caused a number of families to
move away from Los Angeles.

One community’s experience with a large earth-
quake does not always translate into increased pre-
paredness for a community in another area. For
example, in the 1994 Northridge earthquake (M 6.7),

intense shaking caused part of the local seismograph
network to malfunction. This malfunction delayed
emergency response efforts because the exact location
of the epicenter was not immediately available. The in-
tense shaking also caused many unreinforced freeway
bridges and buildings to collapse. A year later, the resi-
dents of Kobe, Japan, experienced nearly identical
problems in a M 6.9 earthquake. Delays caused by com-
munication problems and infrastructure damage kept
the government from mounting a quick and effective
response to the disaster. Even though Japan is one of
the most earthquake-prepared countries in the world,
much of the emergency relief in the Kobe quake did not
arrive until about 10 hours after the earthquake!
Another example of the problems our modern soci-
ety experiences with earthquakes comes from two
large (M 7.6 and M 7.2) quakes in Turkey in 1999.
Turkey was second only to China in the number of
lethal earthquakes in the twentieth century. The first
of the 1999 earthquakes occurred on August 17 and
leveled thousands of concrete buildings. One-quarter
of a million people were left homeless, and more than
17,000 people died. Although Turkey has a relatively
high standard for new construction to withstand earth-
quakes, many modern buildings collapsed from the
intense seismic shaking while older buildings were left
standing (Figure 3.36). As with the experience of the
residents of Ahmedabad, India, in the 2001 Bhyj earth-
quake (M 7.7), there is suspicion in Turkey that poor
construction practices contributed to the collapse of
the newer buildings. There were allegations that some
of the Turkish contractors bulldozed collapsed
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ndrea Donnellan

(Figure 3.6.A) talks about

earthquakes the same way

meteorologists talk about
the weather: as dynamic, intercon-
nected systems with their own
peculiar set of rules. So it is only ap-
propriate that she refers to her work
as earthquake “forecasting.”

Specifically, Donnellan and her
colleagues have installed hundreds
of high-precision global position-
ing system (GPS) receivers across
Southern California, a network
known as the Southern California
Integrated GPS Network (SCIGN),
in order to study movements in the
tectonic plates. The receivers, which
Donnellan says are more highly
sophisticated than commercial GPS
devices such as those used in cell
phones, can measure millimeter-
scale slips for faults and give
scientists valuable data for under-
standing how and why earthquakes
take place. Donnellan’s work goes
far beyond studying just the earth-
quakes themselves. In fact, most of
the work occurs in between all the
moving and shaking. “I look at the
quiet part of the earthquake cycle,”
Donnellan said. “Each earthquake
changes where the next earthquake
will be!”
Like meteorologists, Donnellan

and her colleagues have

Professional

reproduced earthquake systems
using supercomputers in order to
understand how the dynamic sys-
tems change over time. “My focus
is on modeling earthquake sys-
tems,” she said. “We want to treat
it like weather, where the system is
always changing.”

But Donnellan’s research consists
of far more than just sitting in front
of a computer all day. In fact, her
studies have taken her to places
around the globe, from Antarctica
to Mongolia to Bolivia, to name a
few. Her current research has taken
her across much of Southern Cali-
fornia, where she and her team are
studying the San Andreas fault.

Back in the lab, Donnellan is
also involved in an ambitious
project called QuakeSim, in which
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scientists are developing sophis-
ticated, state-of-the-art computer
models of earthquake systems. She
said the results of the project will
eventually be accessible to anyone
and that schools are already using
some of the software for educa-
tional purposes.

In terms of practical implications,
Donnellan’s research is already giv-
ing scientists a much clearer idea of
where earthquakes may next strike,
allowing communities to prepare
much further in advance. Although,
like the weather, earthquakes will
probably never be totally predict-
able, a close study of the ever-
shifting activity beneath the ground
by Donnellan and her colleagues is
making the picture a lot clearer.

— CHRIS WILSON

< FIGURE 3.6.A Geophysicist
Develops Earthquake Forecasting
Method

Dr. Andrea Donnellan, deputy manager of
NASA's Jet Propulsion Laboratory Earth
and Space Sciences Division, leads a
team of scientists working on earthquake
forecasting. She was co-winner of Women
in Aerospace’s 2003 Outstanding Achieve-
ment Award and twice a finalist in the
NASA astronaut selection process. (NASA)
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A FIGURE 3.36 Collapse of Buildings in Turkey
Damage to the town of Golcuk in westernTurkey from the

M 7.6 Izmit earthquake in August 1999. The very old mosque
on the left remains standing, whereas many modern buildings
collapsed. (AP Photo/Enric Marti)

buildings soon after the earthquake to remove evi-
dence of shoddy construction. If that was true, those
contractors also tied up bulldozers that could have
been used to help rescue people trapped in other col-
lapsed buildings.

The lessons learned from Northridge, Kobe, and
Turkey are bitter ones. Our modern society is vulnera-
ble to catastrophic loss from large earthquakes. Older,
unreinforced concrete buildings or buildings not de-
signed to withstand strong ground motion are most
vulnerable. In Kobe, reinforced concrete buildings
constructed with improved seismic building codes ex-
perienced little damage compared to those constructed
earlier. Minimizing the hazard requires new thinking
about it.

COMMUNITY ADJUSTMENTS TO THE
EARTHQUAKE HAZARD

Since it is clearly impossible to avoid all human habita-
tion in earthquake-prone areas, certain steps must be
taken by countries, states, communities, and individuals
to adjust to the earthquake hazard. These steps include
careful location of critical facilities, structural protection,
education, and increased insurance and relief measures.
Individuals can also take steps to protect themselves. The
extent to which these adjustments occur depends in part
on people’s perception of the hazard.

Location of Critical Facilities Buildings and
other structures, often referred to as facilities, that are
critical to the community must be located as safely as
possible. These structures include hospitals, schools,
utility plants, communication systems, and police and
fire stations. Selecting safe locations first requires site-
specific investigation of earthquake hazards such as
the liquefaction, ground motion, and landslide poten-
tial. This involves microzonation, the detailed location
and land-use planning of areas having various earth-
quake hazards. Microzonation is necessary because the
ground’s response to seismic shaking can vary greatly
within a small area. In urban areas, where individual
property values may exceed millions of U.S. dollars,
detailed maps of ground response are required to ac-
complish microzonation. These maps help engineers
and architects design buildings and other structures
that can better withstand seismic shaking. Clearly, mi-
crozonation requires a significant investment of time
and money; however, it provides the basic information
needed to adequately predict the ground motion at a
specific site. Although we may never be able to prevent
injury and death from earthquakes, we can reduce the
number of casualties through the safe location of criti-
cal facilities.

Structural Protection The often-repeated state-
ment “earthquakes don’t kill people, buildings kill
people” succinctly expresses the importance of build-
ing design and construction in reducing the hazard
of earthquakes. In regions where there is a significant
earthquake hazard, buildings, bridges, pipelines, and
other structures must be constructed to withstand at
least moderate shaking. To accomplish this, commu-
nities must adopt and enforce building codes with
earthquake sections similar to those in the Inter-
national Building Code and International Residential
Code. In establishing seismic provisions in building
codes, engineers try to balance reducing risk to hu-
man life with the high construction costs of earth-
quake-resistant design.*

Of equal importance to seismic provisions in build-
ing codes is the inspection and strengthening of exist-
ing structures to withstand the ground motion of large
earthquakes. Making engineering changes to existing
structures, referred to as retrofitting, is a costly but ex-
tremely important activity (Figure 3.37). For example,
a recent study showed that more than half of the hos-
pitals in Los Angeles County could collapse in a large
earthquake.** The cost of retrofitting these buildings is
likely to be more than $8 billion. Retrofitting is espe-
cially critical in developing countries and in U.S.



3.9 Perception of and Adjustment to the Earthquake Hazard 109

A FIGURE 3.37 Seismic Retrofit of University Building
The cross braces and horizontal bracing on the building exterior
were added to University Hall on the University of California,
Berkeley, campus to help the structure withstand shaking in the
next major earthquake. (Robert H. Blodgett)

communities such as Memphis, Tennessee, that have
only recently included earthquake-resistant design in
their building codes.

Earthquake-resistant design and retrofitting of
buildings, which first began in the 1920s, has generally
been successful in the United States. The effect of
these improvements in construction can be appreci-
ated by comparing two events of approximately equal
magnitude: the 1988 Armenia (M 6.8) and the 1994
Northridge (M 6.7) earthquakes. The loss of life and
destruction in Armenia was staggering (at least 25,000
people were killed, compared with 60 in California)
and some towns near the epicenter were almost totally
destroyed. Most buildings in Armenia were con-
structed of unreinforced concrete and instantly crum-
bled into rubble, crushing or trapping their occupants.

This is not to say that the Northridge quake was not a
catastrophe—it certainly was: 25,000 people were left
homeless, several freeway overpasses collapsed, at least
8,000 people were injured, and many billions of dollars
in damages to buildings and other structures occurred.
However, since most buildings in the Los Angeles
Basin are constructed with wood frames or reinforced
concrete, thousands of deaths in Northridge were
avoided.

Education As with most other natural hazards, edu-
cation is an important component of preparedness at
the community level. This educational effort could in-
clude the public distribution of pamphlets and videos;
workshops and training sessions for engineers, archi-
tects, geologists, and community planners; and the
availability of information on the Internet. In areas of
high seismic or tsunami risk, education also takes place
through earthquake and tsunami drills in schools and
earthquake disaster exercises for government officials
and emergency responders.

An excellent example of educating those at great risk
from earthquake hazards is Mexico’s annual prepared-
ness exercise. The mock earthquake drill is conducted
each year on September 19, which is the anniversary
day of the devastating 1985 Mexico city earthquake that
killed more than 8,000 people (see Section 3.1). The
drill is designed to teach participaints proper building
evacuation procedures given an assumed 40 second
warning period prior to hypothetical ground shaking
(Figure 3.38a). Coincidentally, just 2 hours after the
2017 annual earthquake preparedness drill, earthquake
warning sirens went off a second time. Fifteen seconds
later strong ground shaking rocked Mexico City, trig-
gered by an M 7.1 earthquake with an epicenter 120 km
(~75 mi.) to the south. Although collapsing buildings
claimed the lives of 370 people (Figure 3.38b), count-
less citizen reports credit the mock earthquake drills for
helping them to safely evacuate following the second
round of sirens that day.

Increased Insurance and Relief Measures Insu-
rance and relief measures are vital to help a commu-
nity, state, or country recover from an earthquake.
Losses from a major earthquake can be huge. This fact
was graphically demonstrated in the 1906 San
Francisco earthquake (M 7.8) when only 6 of the 65
insurance companies were able to pay their liabilities
in full.’ Although risk assessment and the insurance
industry have greatly improved in the past century, the
potential losses from a large earthquake in a densely
urbanized area such as Los Angeles, the San Francisco
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A FIGURE 3.38 Mexico Remembrance and Preparadness

Every year the country of Mexico conducts earthquake drills on September 19, the anniversary day of the 1985 Mexico
City earthquake that killed thousands. (a) Civilians conducting building evacuation preparedness drills at 11 A.m.

(b) Structural collapse of a building 2 hours after the earthquake drill due to the 2017 Central Mexico earthquake.
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Bay area, Seattle, New York City, or Boston are enor-
mous. The $15.3 billion in insurance claims paid in the
1994 Northridge quake (M 6.7) does not come close to
the $200 billion estimate of losses in the 1995 Kobe
quake (M 6.9).17 The state of California has partially
addressed this problem with state-subsidized earth-
quake insurance through the nonprofit California
Earthquake Authority. Even with state subsidies, barely
25 percent of California residents have earthquake in-
surance, in part because of the high deductible.!’
Unlike flood insurance and crop insurance, there is no
federally subsidized earthquake insurance. Federal of-
ficials and the insurance industry have yet to agree on
a national strategy to deal with catastrophic earth-
quake loss.

Development of methods to estimate the potential
impact of earthquakes is important to insurance compa-
nies, government agencies, and homeowners.”” Estimates
of losses from earthquakes and other hazards can now be
accomplished with “Hazards U.S.” (HAZUS), a FEMA
computer program. This free software can be down-
loaded from the FEMA website for use on a personal
computer.

PERSONAL ADJUSTMENTS: BEFORE,
DURING, AND AFTER AN EARTHQUAKE

Individual actions before, during, and after a major
earthquake can reduce casualties and property damage.
Close to 150 million people in 39 U.S. states live in seis-
mically active areas. In damage alone, billions of dollars
could be saved if our buildings and contents were better
secured to withstand shaking from earthquakes.

If you live in a seismically active area, a home safety
check could increase the probability that you and your
property survive a large earthquake. This inspection
should include checking chimneys and foundations for
reinforcement and the security of large objects, such as
water heaters, that might fall over in an earthquake.’
Probably the most important thing is to plan exactly
what you will do should a large earthquake occur. This
plan might include teaching your family to “drop,
cover, and hold on,” which means to “drop” to the
ground; take “cover” under a sturdy desk, table, or bed
away from falling objects; and “hold on” to something
until the shaking stops. Contrary to some suggestions,
standing in most doorways is not a good option.’
Preparations should also include maintaining an ade-
quate stock of bottled water, food, medical supplies,
batteries, and spare cash.®

During the quake, remember what you have learned
in this chapter. P waves will arrive first, causing initial
vibrations followed by heavy shaking from the S and

surface waves. If there has been at least 20 seconds be-
tween the P and S waves, then the quake is from a dis-
tant source. The noise of the ground vibrating will be
deep and loud and may begin suddenly like a loud clap
of thunder if you are close to the epicenter.’? Books,
dishes, glass, furniture, and other objects may come
crashing down. Car alarms will go off, and there may be
explosive flashes from electrical transformers and fall-
ing power lines. The length of shaking will vary with
the magnitude. For example, shaking during the M 6.7
Northridge quake lasted around 15 seconds, whereas
shaking during the M 7.8 San Francisco quake lasted
nearly 2 minutes.

After the shaking stops, you may feel dizzy and
sick.®! Take several deep breaths, look around, and then
leave the building only after the shaking stops, carefully
watching for fallen and falling objects. More injuries
occur when people attempt to move to a different loca-
tion inside a building or try to leave. Turn off the main
gas line and do not light matches or lighters. Move to
an open area, away from fallen power lines and build-
ings or trees that might fall during aftershocks. The
number and intensity of aftershocks are also related to
the magnitude of the quake. For example, in the M 6.9
Loma Prieta quake, there were 2 M 5,4 M 4, and 65
M 3 aftershocks.%? The largest aftershock is typically at
least one magnitude value lower than the mainshock.
Overall, the most hazardous period for aftershocks is in
the minutes, hours, and days following the mainshock.
Both the number and the intensity of aftershocks will
generally decrease in the days and weeks following the
mainshock.

The good news is that in most developed countries,
large earthquakes are survivable. In areas of greatest haz-
ard, such as California, buildings are generally con-
structed to withstand earthquake shaking, and
wood-frame houses seldom collapse. In the United
States, earthquake-proof construction is progressively
less common as one moves from west to east. Many brick
houses, buildings, and other structures in New England,
New York City, and Washington, DC, will not withstand
shaking in a large earthquake.?® Therefore, it is impor-
tant to be well informed and prepared for earthquakes.

3.9 CHECK your understanding

1. What kinds of adjustments can a community
make to the earthquake hazard?

2. What is retrofitting?

3. List personal adjustments you can make to
prepare for an earthquake.



APPLYING the B Fundamental Concepts

o Science helps us predict hazards.
|
9 Knowing hazard risks can help people make

| decisions.

e Linkages exist between natural hazards.
|
o Humans can turn disastrous events into

| catastrophes.

e Consequences of hazards can be minimized.

Japan, which is about the size of California, and
the United States both experience about 1,000
moderate (>M 5) earthquakes each year. However,
over the past two decades Japan has been hit by
19 major quakes (M 7-7.9), whereas the United
States has experienced only three during this
same interval, all in sparsely populated Alaska.
Although less frequent, Japan also experiences
M 8 earthquakes every few years. With the regular
occurrence of such significant earthquakes, and
Japan’s technological capability and wealth, it

is no surprise that many consider Japan to be

the world’s best-equipped country in earthquake
preparedness.? Modern structures built in Japan
are extremely well engineered to resist ground
shaking, and the country hosts the world’s
densest seismometer network, which is used for
forecasting, locating, and studying earthquakes.
In addition, the seismometer network is linked

to an advance earthquake-warning system, and
Japan’s people are rigorously drilled on what to
do when an earthquake warning is given. Japan'’s
high level of earthquake preparedness represents
an evolving process that has grown out of
decades of lessons learned from devastating
earthquakes, with the 2011 Tohoku earthquake
providing the most recent lesson.

Although relatively small compared to the
Tohoku earthquake, the M 6.8 Kobe earthquake
that struck Japan in 1995 killed about 6,500 people,
about 90 percent of whom perished beneath
collapsed buildings. Even though new seismic

building codes had been introduced in 1981, homes,
buildings, freeways, and bridges constructed before
that time were not required to upgrade to the new
code.This led to widespread collapse and toppling
of critical roadways, which greatly inhibited the
damage control and search-and-rescue operations
following the quake (Figure 3.39). Japan'’s realization
that it was not as prepared as it or the world

A FIGURE 3.39 Damage from 1995 Kobe Earthquake
Eighteen 3.1-m (~10 ft.) diameter columns fail due to intense
ground shaking during the Kobe Earthquake causing 630 m
(~0.4 mi.) of the Hanshin elevated expressway to topple,
scattering automobiles into the city below. Failure of critical
infrastructure such as this severely limited the rescue effort.
(Yoshiaki Nagashima/Pacific Press Service/Alamy)
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A FIGURE 3.40 Seismometer Networks
Following the Kobe earthquake, (a) the deficient seismometer network emplace during the 1995 quake network

was significantly upgraded (Okada, Y, et al. “Recent Progress of Seismic Observation Networks in Japan: Hi-net,
F-net, K-net and KiK-net” Earth Planets Space 56: 15-28, 2004. Reprinted by permission ofTerrapub.) (b) (From “Next
Steps: Improving the Sensor Network,” USGS, http://earthquake.usgs.gov/research/earlywarning/nextsteps.php)

(c) Seismometer network in California, the most dense network in the United States, for comparison. (From “Next
Steps: Improving the Sensor Network,” USGS, http:/earthquake.usgs.gov/research/earlywarning/nextsteps.php)
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believed led to a more proactive approach
to minimizing the effects of earthquakes.
This included significant spending
increases to retrofit older buildings and
infrastructure throughout the country and
an investment of $1 billion in research and
development for an early warning system,
which included an overhaul of Japan’s
seismometer network (Figure 3.40). Fifteen
years later Japan would be tested again—
this time by a much larger quake.

Two days before the Tohoku
earthquake on March 9, 2011, the seismic
network detected a M 7.2 earthquake
east of theTohoku region of Japan
(Figure 3.41). Because the frequency
and size of earthquakes for this region
over the past 1,100 years was relatively
well known, the timing and size of this
earthquake came as no surprise to the

< FIGURE 3.41 2011 Tohoku Earthquake
Sequence

Epicenteral foreshock and aftershock locations
surrounding the mainshock of the 2011 Tohoku
earthquake with respect to the big island of Japan.
(Based on Ammon, C. J., Lay, T, Kanamori, H., and
Cleveland, M., “A Rupture Model of the 2011 of the
Pacific Coast of Tohoku Earthquake,” Earth Planets
Space 63: 693-96, 2011)

113


../../../../../earthquake.usgs.gov/default.htm
../../../../../earthquake.usgs.gov/default.htm

114 CHAPTER 3 Earthquakes

seismologists.?? In fact, earthquake forecasting
along this part of the subduction zone estimated
a 60-70 percent chance of an M 7 quake occurring
in the next 20 years; in earthquake forecasting,
this is like saying an earthquake could happen
any day.®*Therefore, there was no reason to
suspect that this earthquake was a foreshock
to an imminent quake that would be 500 times
more powerful than the earthquake history
suggested. For the next 50 hours small foreshocks
continued, until March 11 at 2:46 p.m. Japan time,
when the frictional forces keeping the Pacific
plate from sliding under the Eurasian plate were
overcome. In a geological instant the Pacific plate
lurched northwestward beneath Japan as much
as 40-60 m (~130-200 ft.), releasing the stored
elastic strain energy that had likely accumulated
over the past 1,000-1,200 years and producing
the M 9.0 Tohoku mainshock (Figure 3.41).5% Not
only was the size of the earthquake significantly
larger than the maximum size that seismologists
had predicted—it also produced a larger than
predicted tsunami (see Chapter 4: Applying the
Fundamental Concepts). Although seismologists
significantly underestimated the maximum
potential earthquake magnitude for the region,
the lessons learned from the 1995 Kobe
earthquake and development of the early warning
system was about to save thousands of lives.?

Just 8 seconds after the first P waves from
the Tohoku earthquake were confirmed by
the seismometer network, an automated alert
went out to 124 television stations and 52
million telephones. Across the country critical
infrastructure systems such as power plants
and Japan'’s famous bullet trains automatically
shut down upon receiving the alert. For the
cities closest to the Tohoku epicenter, like Sendai
(Figure 3.41), the alert provided about 10 seconds
of early warning before the slower, more
destructive S waves arrived. This was enough
time for the earthquake-prepared citizens to take
immediate shelter as they had practiced.The 9
million people living in the capitol city of Tokyo
373 km (~232 mi.) to the south received about
80 seconds of early warning before very strong
ground motion was felt.?

Since the Tohoku earthquake in 2011 about
10,000 aftershocks were recorded, with about

2,000 occurring within seven days of the
mainshock. Some of the aftershocks were even
large enough to trigger the early warning system
again, with 39 aftershocks having magnitudes
greater than M 6, three of which were greater
than M 7 (Figure 3.41).

Buildings, bridges, and other critical facilities
built or retrofited since 1995 withstood the
ground shaking extremely well with few
buildings having collapsed as a direct result
of shaking. However superficial damage and
minor structural damage were widespread. Even
though many of the buildings with structural
damage will need to be demolished, the fact
that they did not completely collapse allowed
occupants within to escape with their lives unlike
15 years earlier during the Kobe earthquake.

A FIGURE 3.42 Damage Due to Liquefaction

Manholes to underground sewer system forced through overly-
ing sidewalks due to ground surface subsidence (lowering)
caused by liquefaction. (Koki Nagahama/Getty Images)



In fact, the overall resilience of the structures
is particularly impressive considering that the
earthquake building codes for the region near the
epicenter were based on the predicted maximum
earthquake magnitude, which had been
grossly underestimated.
Outside of tsunami damage, liquefaction
and landsliding triggered by ground shaking
were responsible for a significant portion of the
damage to buildings, roads, and subsurface
utilities such as water, gas, and sewage
pipes. Subsidence of the ground surface due
to liquefaction was particularly destructive
(Figure 3.42) and widespread, with about
6,000 homes needing to be demolished due to
liguefaction damage, some as far away as Tokyo.
The extent of the liquefaction damage surprised
many earthquake hazard experts worldwide,
raising questions about whether building
codes in Japan, as well as the United States,
adequately account for this hazard in urban
areas.®The Tohoku earthquake also triggered
about 4000 landslides along the east coast of
Japan, most in sparsely populated mountainous
regions.®® However, about 20 people were
killed by landslides, some of whom died when
a landslide caused an earthen dam to collapse
unleashing a flood on the community below.
The 2011 Tohoku earthquake and lessons
learned preceding and following the quake are
excellent examples of our unending struggle to
understand, predict, prepare, and survive Earth’s
natural hazards. Over the past 20 years Japan
has invested tens of billions of dollars in this
struggle. The cost of the 2011 Tohoku earthquake
and tsunami is estimated to be more than $200
billion, making it the most expensive natural
disaster in history. Did Japan’s investment
pay off? Could the effects have been better
minimized? The answer to both these questions
is clearly yes! Like the lessons learned from the
Kobe earthquake, which clearly saved thousands
of lives in 2011, lessons from the Tohoku quake
will undoubtedly save countless future lives,
not only in Japan but also worldwide. The data
recorded by Japan’s seismometer network have
provided the first detailed record of a megathrust
earthquake. From this record, seismologists
have already learned more about why both the

earthquake and the tsunami were larger
than predicted and expect that the data
will greatly improve global earthquake
forecasting.

warning system in 2011, United States
experts have begun an aggressive push

to acquire funds to implement a similar
system along the West Coast. On March
11, 2013, a pilot early warning system in
California detected a M 4.7 earthquake
160 km (~100 mi.) south of Pasadena (near

Following the success of Japan’s early
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Los Angeles) and alerted Caltech seismologists in
Pasadena 30 seconds before minor shaking was
felt. A robust early warning system for the entire
state of California would cost about $80 million
and could be operating within five years, but no
substantial funds for this program have yet been
approved.

APPLYING THE 5 FUNDAMENTAL CONCEPTS

1.

Discuss Japan'’s successes and shortcomings
in forecasting the 2011 Tohoku earthquake,
using the earthquake history of the region and
the application of modern tools used to detect
precursory events.

. Compare and contrast the seismic hazard to the

citizens of the United States living on the west
Coast of California to those living in Japan.

. Explain the links between the Tohoku earthquake

and other natural hazards. How do the effects
of the earthquake and linked natural hazards
compare?

. Similar in size to Japan, California is growing

at a rate higher than the national average and
by 2100 its population could be about the size
of Japan’s population today. Discuss how rapid
population growth in California combined

with its current level of earthquake hazard
preparedness could lead to a catastrophe if an
event similar to theTohoku earthquake struck
the United States West Coast.

. Summarize and evaluate Japan's strategy for

minimizing the effects of earthquakes following
the 1999 Kobe earthquake, which has earned
the country the title “best equipped country in
earthquake preparedness.”
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CONCEPTS in review

3.1 Introduction to Earthquakes

L0:1 Compare and contrast the different types of faulting.

Earthquakes are common along tectonic plate boundaries where
faulting is common.

Faults are fractures where rocks on one side of the fracture have
been offset with respect to rocks on the other side.

Displacement is caused by compressional, tensional, or shearing
stresses. Displacement can be mainly horizontal, as along a strike-
slip fault, or mainly vertical, as on a dip-slip fault.

3.2 The Earthquake Processes

L0:2 Explain the formation of seismic waves.

A fault is usually considered active if it has moved during the past
10,000 years and potentially active if it has moved during the past 2
million years.

Before an earthquake, elastic strain builds up in the rocks on
either side of a fault as the sides pull in different directions. When
the stress exceeds the strength of the rocks, they rupture, produc-
ing elastic rebound.

Released elastic strain energy radiates outward in all directions
from the ruptured surface of the fault in the form of seismic waves.
Seismic waves are vibrations that compress (P) or shear (S)

the body of Earth or travel across the ground as surface waves.
Although P waves travel the fastest, the S and surface waves cause
most of the shaking and damage. Some faults exhibit tectonic
creep, a slow displacement not accompanied by felt earthquakes.

3.3 Earthquake Shaking

KEY WORDS

fault (p. 68), footwall (p. 68), hanging
wall (p. 68), normal fault (p. 68), reverse
fault (p. 68), strain (p. 68), stress (p. 68),
strike-slip fault (p. 68)

1
: e
KEY WORDS
earthquake cycle (p. 70), epicenter (p. 71),
focus (p. 71), P waves (p. 72),
paleoseismicity (p. 70), S waves (p. 72),
seismic waves (p. 72), tectonic creep

(-73)

L0:3 Summarize the processes that lead to an earthquake and the release of seismic waves.

L0:4 Differentiate between the magnitude scales used to measure earthquakes.

Large earthquakes release a tremendous amount of energy.

Seismologists measure this energy on a magnitude (M) scale. On this

scale, an increase from one whole number to the next represents a

tenfold increase in the amount of shaking and a 32-fold increase in the

amount of energy released.
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Earthquake intensity varies with the severity of shaking and

is affected by proximity to the epicenter, the local geological
environment, and the engineering of structures.

Buildings highly subject to damage are those that (1) are
constructed on unconsolidated sediment, artificially filled land,

or water-saturated sediment, all of which tend to amplify shaking;
(2) are not designed to withstand significant horizontal acceleration
of the ground; or (3) have natural vibrational frequencies that
match the frequencies of the seismic waves.

3.4 Geographic Regions at Risk from
Earthquakes

LO:5 Identify global regions at most risk for earthquakes, and
describe the effects of earthquakes.

Most earthquakes occur on faults near tectonic plate boundaries,
such as the San Andreas fault in California, the Cascadia subduc-
tion zone in the Pacific Northwest, and the Aleutian subduction
zone in Alaska.

Intraplate earthquakes are also common in Hawaii, the western
United States, the southern Appalachians and South Carolina, and
in the northeastern United States.

Some of the largest historic earthquakes in North America occurred
within the plate in the central Mississippi Valley in the early 1800s.

3.5and 3.6 Effects of Earthquakes
and Linkages with
Other Natural Hazards
Natural Service Functions
of Earthquakes

L0:6 Describe how earthquakes are linked to other natural hazards.

L0:7 Discuss the important natural service functions of earthquakes.

The primary effect of an earthquake is violent ground motion ac-
companied by fracturing, which may shear or collapse large buildings,
bridges, dams, tunnels, pipelines, levees, and other structures.

Other effects include liquefaction, regional subsidence, uplift of the
land, landslides, fires, tsunamis, and disease.

Earthquakes provide natural service functions such as enhancing
groundwater and energy resources and exposing or contributing to the
formation of valuable minerals deposits.
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3.7 Human Interaction with Earthquakes

Locus of earthquake
hypocenters Rocky Mountains Arsenal

L0:8 Explain how human beings interact with and affect the
earthquake hazard.

® Human activity has locally increased earthquake activity by fractur-
ing rock and increasing water pressure underground below large
water reservoirs, by raising fluid pressure in faults and fractures
through the deep-well disposal of liquid waste, and by setting off
underground nuclear explosions.

= Understanding how we have caused earthquakes may eventually
help us control or stop large natural earthquakes.

Disposal well

3.8 Minimizing the Earthquake

Earthquake prediction and warning
Haza rd proposed information flow
USGS
) . - Earthquake USGS
L0:9 Discuss the United States governmental approach to Sefenitb el headquarters R
minimizing the effects of earthquakes. il
m “ State
= Reducing earthquake hazards requires detailed mapping of /F carthquake e | disaster ;
geologic faults, the cutting of trenches to determine earthquake ferfie'vc,';‘oup ;i,i;nse E
frequency, and detailed mapping and analysis of earth materials D R 7
sensitive to shaking. . W Local Regional c
= Adjustments to earthquake hazards include improving structural AR oftiel offces |
design to better withstand shaking, retrofitting existing structures, | Hoodauariers re— N
microzonation of areas of seismic risk, and updating and enforcing A Federal offices H Officials
building codes.
= To date, scientists have been able to make long- and intermediate-
term forecasts for earthquakes using probabilistic methods but not QA THE PUBLIC
consistent, accurate short-term predictions. A potential problem of
predicting earthquakes is that their pattern of occurrence is often
KEY WORD

variable with clusters of events separated by longer periods of time
with reduced earthquake activity.

= Early warning systems have been shown to be effective in Japan,
but no such system exists in the United States or Canada.

tectonic framework (p. 101)

3.9 Perception of and Adjustment to
the Earthquake Hazard

LO:10 Propose ways to minimize seismic risk and suggest
adjustments we can make to protect ourselves.

= Warning systems and earthquake prevention are not yet reliable
alternatives to earthquake preparedness. More communities
must develop emergency plans to respond to a predicted or
unexpected catastrophic earthquake. Such plans should include
earthquake education, disaster response, drills, and improved
insurance coverage.

= Ata personal level, individuals who live in or visit areas of seismic
risk can learn how to “duck, cover, and hold on” before the next
large earthquake. Preparation both reduces the earthquake hazard
and eases recovery.




CRITICAL thinking questions

1. You live in an area that has a significant earthquake
hazard. Public officials, the news media, and citizens
are debating whether an earthquake warning system
should be developed. Some people are worried that
false alarms will cause a lot of problems, and others
point out that the response time may be very long.
What are your views on this issue? Should public
funds be used to finance an earthquake warning
system, assuming such a system is feasible? What
are potential implications if a warning system is not
developed and a large earthquake results in damage
that could have been partially avoided with a warning
system in place?

2. You are considering buying a home on the California
coast. You know that earthquakes are common in the
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Cooling systems failed as
pumps used tO circulate

cooling water in three
nuclear reactors were

flooded by the

tsunami

APPLYING the

fundamental concepts
Japan 2011 Tsunami
and Nuclear Disaster

Science helps us predict hazards.

Tsunamis result from large verti-
cal movement of the ocean floor.
Such movement is typical of large
subduction zone earthquakes, like
the 2011 Tohoku earthquake. By
understanding this relationship, our
ability to predict regions susceptible
to the effects of tsunamis is greatly
improved.

Knowing hazard risks can help
people make decisions.

Following the 2011 tsunami, Japan
has reevaluated the risk of damage
to land and property from future
large tsunamis. Continued risk analy-
sis provides an important example of
how future natural hazards need to
be viewed from a risk management
perspective and how risk is linked to
numerous changing factors, such as
population growth.
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Tsunamis

The Pacific Ocean bottom 130 km (~80 mi.) offshore of Fukushima,
Japan was vertically displaced by as much as 9 m (~30 ft.) due to

the 2011 magnitude 9.0 Tohoku earthquake. This displacement of the
ocean floor generated a large set of tsunami waves up to about 40 m
(~130 ft.) high at the shore. These waves quickly reached the coastline
of northern Japan where millions of people live and several nuclear
power plants were located.

Within seconds to 3 minutes of the earthquake, an automated
tsunami warning system alerted the people of coastal communities
to evacuate to high ground as they had been taught, and the nuclear
power plants immediately shut down as they were designed to do.
Although the warning system greatly minimized the loss of life,
the nuclear reactor shutdown did not prevent a disaster that was
ultimately more serious than any other nuclear accident of the last
several decades. Like many of the sea walls that protect 40 percent
of Japan’s coastline from tsunami waves, the 6 m (~20 ft.) high sea
wall designed to keep the power plant from flooding was quickly
overtopped. Cooling systems failed when back-up diesel genera-
tors powering the circulation pumps were inundated by seawater,

< Tsunami Overriding Seawall Defenses

About 1 hour and 30 minutes after the Tohoku earthquake, the 6 m (~20 ft.) high
sea wall protecting this seaside village on the east coast of Japan is overtopped
by the first tsunami wave to hit the coast. In this photograph, the seawall is
completely obscured by the sea water cascading over it onto the road below.
(Toru Yamanaka/AFP/Getty Images)

The tsunami is one of Earth’s most
destructive natural hazards. These
ocean waves are both fascinating
in their behavior and awesome in
their power. Tsunamis are common
in some coastal regions and rare
in others. Although they have long
been known to cause disasters and
catastrophes, the hazard posed by
tsunamis has generally been under-
estimated. Translating the increased
hazard awareness into improved
warning, preparedness, and mitiga-
tion is proceeding at an excruciat-
ingly slow pace. This chapter will
explain the natural tsunami process and
assess the hazard that these waves pose to
people.

After reading this chapter, you should be
able to:
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LO:1 Explain the process of tsunami
formation and development.

LO:2 Locate on a map the geographic
regions that are at risk for tsunamis.

LO:3 Synthesize the effects of tsunamis
and the hazards they pose to coastal regions.

L0:4 Summarize the linkages between
tsunamis and other natural hazards.

L0O:5 Understand that tsunamis are not
caused by or affected by human activities,
but damages are compounded as coastal

populations increase.

L0:6 Discuss what nations, communities,
and individuals can do to minimize the
tsunami hazard.

LO:7 Identify the actions you should take
and not take if a tsunami warning is issued.

5

Linkages exist between natural
hazards.

Flooding and coastal erosion due
to earthquake-generated tsunami
waves serves as an exceptional
example of how different natural
hazards are linked.

Humans can turn disastrous
events into catastrophes.

Nuclear reactor meltdown follow-
ing tsunami inundation triggered
the world’s second worst nuclear
disaster. Although no deaths are
attributed directly to the meltdown,
evacuation of the contaminated
region doubled the loss of life in the
region.

Consequences of hazards can be
minimized.

The high level of Japanese tsu-
nami preparedness, including an
advanced early warning system,
elaborate tsunami seawall de-
fense, and a well-informed, vigilant
population, resulted in a 96 percent
survival rate for those living in the
areas inundated by the tsunami.
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resulting in a nuclear meltdown (overheating of the
reactor core causes nuclear fuel to melt). The disaster
was compounded by explosions of hydrogen gas that
built up in the reactor core containment buildings due to
the meltdown, causing a significant release of radiation
into the atmosphere’® and the need to evacuate nearly
200,000 people living in the region. Six years after the
disaster (March 2017), the Japanese are still pumping
several hundred tons of water through the buried hot
nuclear fuel in an attempt to cool it. The water becomes
contaminated with radiation and is collected and stored
in over 1,000 large tanks. The Japanese are struggling
with how the radioactive water might be treated and
disposed of when storage space for more new tanks
runs out.

Due to the 2011 and nuclear incident, Japan initiated
new research regarding its tsunami hazard, and other
countries around the world have begun a new discus-
sion about the safety of nuclear power.

4.1 Introduction to Tsunamis

Tsunamis (the Japanese word for “large harbor waves”)
are produced by the sudden vertical displacement of
ocean water.® These waves are a serious natural hazard
that can cause a catastrophe thousands of kilometers
from where they originate. They may be triggered by
several types of events, including a large earthquake
that causes a rapid uplift or subsidence of the seafloor;
an underwater landslide that may be triggered by an
earthquake; the collapse of part of a volcano that slides
into the sea; a submarine volcanic explosion; and an im-
pactin the ocean of an extraterrestrial object, such as an
asteroid or comet. Asteroid impact can produce a
“mega” tsunami, a wave that is about 100 times higher
than the largest tsunami produced by an earthquake,
that could put hundreds of millions of people at risk.5
Fortunately, the frequency of large asteroid impact is
low. Of the previously mentioned potential causes, tsu-
namis produced by earthquakes are by far the most
common.

Damaging tsunamis in historic times have been rela-
tively frequent, mostly in the Pacific Basin, and include
the following:”#

> The 1755 (~M 9) Lisbon, Portugal, earthquake
produced a tsunami that, along with the earthquake
and resulting fire, killed an estimated 20,000
people. Tsunami waves that crossed the Atlantic
Ocean amplified to heights of 7 m (~23 ft.) or more
in the West Indies.

> The 1883 violent explosion of Krakatoa volcano
in the Sundra Strait between Java and Sumatra

caused the top of the volcano to collapse into
the ocean. This sudden collapse produced a
giant tsunami more than 35 m (~115 ft.) high
that destroyed 165 villages and killed more than
36,000 people.

> The 1946 (M 8.1) Aleutians (Alaska) earthquake
produced a tsunami in the Hawaiian Islands that

killed about 160 people.

> The 1960 (M 9.5) Chile earthquake triggered a
tsunami that killed 61 people in Hawaii after travel-
ing for 15 hours across the Pacific Ocean.

> The 1964 (M 9.2) Alaska earthquake generated
a deadly tsunami that killed about 130 people in
Alaska and California.

> The 1993 (M 7.8) earthquake in the Sea of
Japan caused a tsunami that killed 120 people
on Okushiri Island, Japan.

> The 1998 (M 7.1) Papua New Guinea earthquake
triggered a submarine landslide that produced a
tsunami that killed more than 2,100 people.

> The 2004 (M 9.1) Sumatra earthquake generated a
tsunami that killed about 230,000 people (see Case
Study 4.2: Indonesian Tsunami).

> The 2009 (M 8.1) Samoa earthquake generated a
tsunami that killed about 200 people.

> The 2010 (M 8.8) Chile earthquake generated a
tsunami that killed about 700 people in coastal
towns.

> The 2011 (M 9.1) Japan earthquake generated
a tsunami that killed over 20,000 people (see
Applying the Fundamental Concepts).

HOW DO EARTHQUAKES CAUSE A
TSUNAMI?

An earthquake can cause a tsunami by causing the sea-
floor to move or by triggering a landslide. Seafloor
movement is probably the more common of these two
mechanisms. This movement occurs when the seafloor
sits on a block of Earth’s crust that shifts up or down
during a quake. In general, it takes an earthquake of
M 7.5 or greater to create enough displacement of the
seafloor to generate a damaging tsunami. The upward
or downward movement of the seafloor displaces the
entire mass of water from the sea bottom to the ocean
surface. This starts a four-stage process that eventually
leads to landfall of tsunami waves on the shore

(Figure 4.1):

1.For example, if an earthquake rupture uplifts the
seafloor, the water surface above the uplift initially
forms an elongated dome parallel to the geologic



@ Earthquake rupture in seafloor
pushes water upwards starting
the tsunami

As the tsunami nears land,
it slows to about 45 km/hr
but is squeezed upwards,
increasing in height

A FIGURE 4.1 Tsunami
Idealized diagram showing the process of how a tsunami is produced by an earthquake. (Modified after the
United Kingdom Hydrographic Office)

fault. That dome collapses and generates a tsunami
wave. Oscillations of the water surface and, in
some cases, aftershocks along the fault produce
additional waves. These waves radiate outward like
the pattern made by a pebble thrown into a pond
of water.

2.1n the deep ocean, the tsunami waves move very
rapidly and are spaced long distances apart. Their
velocity is equal to the square root of the product
of the acceleration of gravity and the water depth.
The acceleration of gravity is approximately

10 m/sec’ and average water depth in deep ocean
is 4000 m (~13,100 ft.). Thus, when we do the
math, by taking the product of 10 m/sec? and
4000 m and then taking the square root of that
number, we arrive at a velocity of 200 m/sec.
Converting 200 m/sec to km/hour, we find that
tsunamis travel at 720 km (~450 mi.) per hour,
close to the average airspeed of a jetliner, but they
can reach up to 900 km/hr. In the deep ocean, the
spacing between the crests of tsunami waves may
be more than 100 km (~60 mi.), and the height of
the waves is generally less than 1 m (~3 ft.). Con-
sequently, sailors rarely notice a passing tsunami
in the deep ocean.
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Tsunami moves rapidly

in deep ocean reaching
speeds of up to 900 km/hr
(wave height < 1m)

Tsunami heads inland
destroying all in its path
(trough o?

first, exposing seafloor)

wave may arrive

3. As the tsunami nears land, the water depth

decreases, so the velocity of the tsunami also de-
creases. Near land, the forward speed of a tsunami
may be about 45 km (~28 mi.) per hour—too fast to
outrun but not nearly as fast as in the open ocean.
This decrease in velocity also decreases the spacing
between wave crests, that is, the wavelength. As the
water slows down and piles up, the height of the
waves Increases.

4.When the first tsunami wave reaches the shore

and moves inland, it may be several meters to
several tens of meters high and destroys every-
thing in its path. Sometimes the trough of the
wave may arrive first, which exposes the seafloor.
When tsunamis strike the coast, they generally do
not come in as a giant breaking wave as you might
see on the surfing beaches of the north shore of
Oahu or the California coast. Instead, when the
wave arrives, it is more like a very strong and fast-
rising increase in sea level. On the rare occasions
when tsunamis do break, they may appear as a
vertical wall of turbulent water. The movement

of a tsunami inland is called the runup of the
wave. Runup refers to the furthest horizontal and
vertical distance that the largest wave of a tsunami
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moves inland. Runup from tsunamis varies consid-
erably with the shape of the seafloor immediately
offshore and with the type of topography and veg-
etation landward of the beach. Both the offshore
and shoreline topography can greatly accentuate
tsunami wave height. Figure 4.2 shows the runup
(~wave height at coast) from the 2011 tsunami.
Notice that the greatest runup of about 25 m+
occurred directly offshore from the earthquake.
Near the nuclear power plant (red circle), it was
about 12 m (~40 ft.). Other coastal areas received
runup of less than 5m (16ft). The 2011 tsunami
moved inland from 1 to 8 km (0.6 to 5 mi.),
depending on wave height and topography. Once
a wave has moved to its farthest extent inland,
most of the water then returns back to the open
ocean in a strong and often turbulent flow. A
tsunami can also generate other types of waves,
known as edge waves, that travel back and forth
parallel to the shore. The interaction between
edge waves and additional incoming tsunami
waves can be complex. As a result of this interac-
tion, wave amplification may occur, causing the
second or third tsunami wave to be even larger

than the first (see Case Study 4.1: Survivor Story).
Most commonly, a series of tsunami waves will
strike a particular coast over a period of several
hours.’

When an earthquake ruptures and uplifts the seafloor
close to land, both distant and local tsunamis may be
produced (Figure 4.3). The initial fault displacement
and uplift raise the water above mean sea level. This
uplift creates potential energy that drives the horizon-
tal movement of the waves. The uplifted dome of wa-
ter collapses downward and expands radially, splitting
into two waves. One wave, known as a distant tsu-
nami, travels out across the deep ocean at high speed.
Distant tsunamis can travel thousands of kilometers
across the ocean to strike remote shorelines with little
loss of energy. The second wave, known as the local
tsunami, heads in the opposite direction toward the
nearby land. A local tsunami can arrive quickly follow-
ing an earthquake, giving coastal residents and visitors
little warning time. When the initial tsunami wave is
split, each (distant and local) tsunami has a wave
height about one-half of that of the original dome of
water.”

A FIGURE 4.2 Tsunamis runup height and inundation from the 2011 Tsunami

The epicenter of the earthquake is 130 km offshore. The red circle is the location of a nuclear power plant. No-
tice the height is extremely variable, depending on location. (The 2011 Tokohu Earthquake Tsunami Joint Joint
Survey Group, 2012)



Tsunami In the
Lowest Country

on Earth

oxing Day, December 26,
2004, was a hot sunny day
in the Maldives, a beautiful
group of atolls in the Indian
Ocean west of India (Figure 4.1.A).
The Republic of Maldives is the low-
est country on Earth; its highest point
is only 2.4 m (~8 ft.) above sea level.
Dave Lowe was working in his office
at a resort on South Ari Atoll when he
heard a strange bump on the door,

and outside people were screaming
“the children.” He opened the door,
and to his horror, the ocean was
level with the island, and a boiling,
frothing wall of water was bearing
straight down on him: “There was a
strange mist that looked like a fog,
so | stopped breathing and tried to
decide where to run’”

The resort had no two-story
buildings, and he was just a meter

4.1
Survivor
Story
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(~3 ft.) above sea levell He ran to
the reception area where there were
pillars to hold on to. Others were
there screaming as the first waves
began to hit: “Three glass windows
exploded, and, within seconds, the
water was up to my waist. | couldn’t
tell if the island was sinking or if the
sea was rising.’

Dave made his way to the recep-
tion counter, grabbing two children

A FIGURE 4.1.A Resort Employees Climb Down from Tsunami Refuge
The roof of this South Ari Atoll resort in the Maldives Islands was the highest place to take refuge from the mul-
tiple tsunami waves that flooded the island. On islands closer to the earthquake epicenter, this building would

have been destroyed by the waves. (SIPA Press)
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who were being swept out to sea,
and threw them up onto the coun-
ter. Wave after wave hit, and water
passed over his head: “l knew | was
going to die and blacked out from
fear. | became conscious when a
receptionist was yelling, ‘What is
happening?'”

As quickly as the water came up,
it was gone, leaving fish flopping
on the lobby floor and seaweed
draped everywhere.The resort

guests regrouped. Then Dave saw a
second wave coming. It was worse
than the first. People desperately
tried to hang onto anything they
could. Wave after wave came for
the next 6 hours, as the sea gradu-
ally calmed down. Guests suffered
in the hot sun, and the resort staff
built a shelter for 15 children whose
parents were missing. When dark-
ness came, people stood watch,
looking for more waves under a

full moon. No one slept, and in the
morning, debris was everywhere:
“It looked like Titanic, Lost, Lord
of the Flies, and Survivor all rolled
into one.” Dave and other employ-
ees were evacuated by seaplane
two days later. As they flew over
the islands, they saw the unbeliev-
able devastation, and several staff
broke down crying.

They had survived, but they
didn’t know how

Local Tsunami

d

Distant Tsunami

—

(b)

A FIGURE 4.3 Distant and Local Tsunamis

(a) Fault displacement lifts the water above mean sea level, which
creates potential energy that drives the horizontal propagation of
the waves. In these diagrams, wave height is greatly exaggerated
compared to the depth of the water. Actual height of the waves is at
most a meter or so, but it is spread out to tens or several hundreds
of kilometers in length. (b) The initial wave is split into a tsunami
that travels out across the deep ocean (distant tsunami) and an-
other tsunami that travels toward nearby land (local tsunami). The
wave heights are also split, and each (distant and local) tsunami
has a height about one-half the original wave in (a). (Based on U.S.
Geological Survey; http://walrus.wr.usgs.gov/tsunami/basics.html)

An example of a local tsunami occurred on the is-
land of Okushiri in western Japan. On July 12, 1993, a
M 7.8 earthquake in the Sea of Japan produced a local
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tsunami that extensively damaged Anoae, a small town
on the southern tip of the island. The town was struck
several times by 15 to 30 m (~50 to 100 ft.) waves com-
ing around both sides of the island. There was virtually
no warning because the earthquake epicenter was very
close to the island. The huge waves arrived only 2 to
5 minutes after the earthquake, killing 120 people and
causing $600 million in property damage.

HOW DO LANDSLIDES CAUSE
A TSUNAMI?

Although most large tsunamis are produced by fault
rupture along subduction zones at tectonic plate
boundaries, landslides have both generated and con-
tributed to huge tsunamis.!>!?

These landslides can take place underwater, where
they are referred to as submarine landslides, or they can be
large rock avalanches that fall from mountains into the
sea. In most cases, the landslides are triggered by an
earthquake. For example, in 1998, a M 7.1 earthquake
occurred off the north shore of the island of New
Guinea. The earthquake was felt at Sissano Lagoon, and
shortly thereafter a tsunami arrived with little warning.
In less than an hour, coastal villages were swept away,
leaving 12,000 people homeless and more than 2,000
dead. The tsunami waves, which reached heights of 15 m
(~50 ft.), appeared to have resulted primarily from a sub-
marine landslide triggered by the earthquake.® The epi-
center of the earthquake was only about 50 km (~30 mi.)
offshore, so there was little, if any, warning time for
coastal residents. This event emphasized the potentially
devastating damage that can occur from a large tsunami
produced by a nearby earthquake and submarine land-
slide.®!* The earthquake itself probably would not have
generated a large tsunami had it not been combined with
a landslide that displaced water at the bottom of the sea.
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A submarine landslide may have significantly con-
tributed to the 2011 Japan tsunami,'! and recent stud-
ies of seafloor images have apparently solved the 1964
mystery of the tsunami associated with the Great
Alaskan Earthquake that hit the Alaskan village of
Chenega in the Prince William Sound. The tsunami
destroyed all but two of the buildings and killed 23 of
the 75 people living there. The origin of the tsunami
was uncertain; was the tsunami due to the earthquake
alone or to the combination of the earthquake and
landslides? The discovery of a large underwater land-
slide deeper than the area studied in 1964 suggests the
tsunami that destroyed the village was largely due to
submarine landsliding.'?

Perhaps the most famous landslide-induced giant
wave occurred at Lituya Bay, Alaska, in 1958. The land-
slide was set in motion by a M 7.7 earthquake on a
nearby fault. Approximately 30.5 million cubic meters
(~46 million cubic yards) of rock fell from a cliff into
the bay, instantly displacing a huge volume of seawa-
ter.” That volume of earth material would fill the
National Mall in Washington, DC, to a height of about
25 m (~80 ft.). The huge mass of broken rock caused
waters in the bay to surge upward to an elevation of
about 524 m (~1,720 ft.) above the normal water level.”
This splash of water was so tall that it would have
washed over the Sears Tower in Chicago with 82 m
(~269 ft.) to spare! Although the wave that swept out of
the bay into the ocean wasn’t nearly as large, it did pick
up a fishing boat with two people onboard. The boat’s
captain estimated that the tsunami wave was 30 m
(~100 ft.) high when it lifted the boat over the sand spit
at the mouth of the bay. Two other fishing boats in the
bay disappeared after being caught in the wave.!* A
panoramic view of the bay taken a few days after the
tsunami shows that the erosive force of the wave
stripped the shoreline bare of trees (Figure 4.4). In the
area beyond the direct splash effect of the fallen rock,
the high waterline above the barren shoreline indicates
that the local tsunami had a runup height of 20 to 70 m
(~65 to0 230 ft.).

The tsunami risk of high, unstable rock slopes asso-
ciated with fjords (long, narrow, deep, cliff-sided inlets
along the coast), such as in Alaska and Norway, that col-
lapse by rockfall landslides into the sea is now recog-
nized."> Norway experienced three tsunami disasters
due to subareal rockslides in the twenty-first century.
One in 1934 was up to 60 m (~200 ft) high and killed 40
people. A potential tsunami from one 900 m high
mountain looming over a fijord with unstable slopes
(large cracks have been mapped) could generate a giant
landslide with local a tsunami up to 80 m (~260 ft) high.
As a result, Norway is working on hazard risk evalua-
tion from tsunamis. Included are hazard risk maps and
land-use planning, including hazard zoning to restrict
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oF Location of landslide

Trees removed by wave

A FIGURE 4.4 Landslide-Produced Giant Wave

Lituya Bay, Alaska, following local tsunami. Denuded shoreline
of the bay was produced as trees were removed by the erosive
force of the wave. (USGS)

building in hazardous areas. The most recent event in
Nowway was in 2014 when an apparent submarine rock
slide produced a tsunami as much as 15 m high that
damaged or destroyed homes, boats, and vehicles. So,
both subareial and submarine landslides can produce a
serious to catastrophic tsunami risk.'’

4.1 CHECK your understanding

1. Define tsunami and identify several tsunami
trigger events.

2. Describe how earthquakes produce a tsunami.

3. What is the difference between a local tsunami
and a distant tsunami?

4. Define tsunami runup.

4.2 Geographic Regions at Risk
from Tsunamis

Although all ocean and some lake shorelines are at risk
from tsunamis, certain coasts are more at risk than oth-
ers. The heightened risk comes from the geographic
location of a coast in relation to potential tsunami
sources, such as earthquakes, landslides, and volcanoes.
Coasts in near proximity to a major subduction zone, or
directly across the ocean basin from a major subduction
zone, are at greatest risk. For the purpose of this discus-
sion, a major subduction zone is considered to be ca-
pable of periodically generating a major earthquake of
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M 9 or greater. Ruptures produced by these great
earthquakes may extend for 1000 km (~625 mi.) or
more along the subduction zone and produce signifi-
cant uplift of the seafloor (see Case Study 4.2:
Indonesian Tsunami). Earthquake and subduction zone
processes that can lead to a large tsunami are illustrated
in Figure 4.5 and discussed in the following paragraph.

As you recall from Chapter 3, the interval between
large earthquake-generating fault slip events along any
one particular plate boundary segment may be hundreds
of years. In subduction zones, this is due to an area of
strong coupling between the overriding and subducting
plates, where no fault slip occurs. Such a fault segment is
referred to as a locked fault (Figure 4.5a). Because there is
no displacement along the interface between the two
plates, the plates must deform elastically. As Figure 4.5b
shows, as the subducting plate drags the leading edge of
the overriding plate downward, subsidence (sinking) oc-
curs offshore while onshore uplift occurs. Between
earthquakes, there is distortion, deformation, or bulging
(uplift) and leading-edge subsidence (sinking). When
the fault finally slips and a tsunami-generating earth-
quake occurs, the overriding plate rebounds elastically.
This causes the ocean floor to uplift, triggering a tsu-
nami, and the on-land bulge to collapse and coastal areas

(a) Subduction zone

(b) Subsidence of ocean bottom

A FIGURE 4.5

to subside (Figure 4.5c¢,d). Sometimes, forests near a
shoreline may sink several meters (up to 10 feet) or so,
leaving a drowned forest (called a ghost forest; see
Figure 4.6).1* The 1964 great Alaskan earthquake caused
coastal forests to be inundated by salt marshes as the
land subsided. These drowned, dead trees may persist
long enough in the landscape to be recognized, while
others are buried by coastal sediment to become part of
the recent geologic record.

The greatest tsunami hazard, with return periods of
several hundred years, is adjacent to those major sub-
duction zones with a convergence of a few centimeters
per year. These include the Cascadia subduction zone
in the Pacific Northwest, the Chilean trench along
southwestern South America, and the subduction zones
off the coast of Japan.

"Tsunamis can range in height from a few centimeters
to 30 m (~100 ft.) or more. Those with a runup height of
atleast 5 m (~16 ft.) are considered significant tsunamis
and are commonly produced by high-magnitude earth-
quakes and associated submarine slides. One assessment
of global tsunami hazard ranks the hazard from rela-
tively low to greatest based on the return period of a
significant tsunami (at least 5 m [~16 ft.] runup)
(Figure 4.7). However, not enough is known about

(c) Uplift of ocean bottom

(d) Local and distal tsunami waves

Idealized diagram of subduction zone cycle that produces large earthquakes and tsunamis.

(Based on U.S. Geological Survey Circular 1187)
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< FIGURE 4.6 Ghost Forest
Drowned forest in Washington
produced by subsidence during
an earthquake about 300 years
ago. (USGS/http://pubs. usgs.
gov/pp/pp1707/)
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A FIGURE 4.7 Global Tsunami Hazard

Map of the relative hazard of coastlines to experience a tsunami that is at least 5 m (~16 ft.) high. Fjords in Nor-
way (not shown) also have a very significant hazard from landslide generated local tsunamis.

(Modified from Risk Management Solutions. 2006. 2004 Indian Ocean Tsunami report. Newark, CA: Risk Man-
agement Solutions, Inc.)
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global seismicity to accurately predict return periods of
earthquakes of M 9 or above—those quakes most likely
to produce a significant tsunami. Examination of the
map reveals that most zones of greatest hazard surround
the Pacific Ocean. This is no surprise, given that most
major subduction zones are found on the margins of the
Pacific. Other regions judged to have the greatest haz-
ard are parts of the Mediterranean, as well as the north-
eastern side of the Indian Ocean. The good news about
the risk from significant tsunamis is that almost all of
them will cause substantial damage only within a couple
of hundred kilometers from their source. However, the
very largest subduction zone earthquakes may cause
substantial damage several thousands of kilometers from
the source. That certainly was the case with the 2004
Indonesian tsunami, which raced across the Indian
Ocean causing death and destruction as far away as the
east coast of Africa. However, most of the death and de-
struction occurred much closer to the earthquake epi-
center, as described in Case Study 4.2: Indonesian
Tsunami.

Indonesian Tsunami

Prior to December 26, 2004, few people knew
what the Japanese word tsunami meant. That
changed in the span of only a few hours, as
close to 230,000 people were killed, many
hundreds of thousands injured, and millions
displaced in more than a dozen countries sur-
rounding the Indian Ocean. With no warning
system in place, residents of coastal area after
coastal area around the Indian Ocean were struck by a
series of tsunami waves without notice.

The source of this tsunami was the world’s largest
earthquake in the past four decades that struck on the
morning of December 26, just off the west coast of the
Indonesian island of Sumatra (Figure 4.8). Now as-
signed a magnitude of at least 9.1, this earthquake
caused the most lethal tsunami in recorded history.!”
The earthquake occurred where the giant Indian and
Australian plates are being subducted to the northeast
beneath the Burma microplate. In this earthquake, the
Burma microplate moved about 20 m (~65 ft.) to the
west-southwest along a gently inclined subduction
zone (Figure 4.9). Because of the large amount of dis-
placement along the thrust faults in the subduction
zone, geologists classify this type of earthquake as a
“mega-thrust event.” Seismic waves generated by the
rupture caused several minutes of shaking on nearby
islands. The total length of the rupture along the sub-
duction zone was more than 1500 km (~930 mi.), about
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A FIGURE 4.8 Geologic Setting of the Indonesian Tsunami
The gold star locates the epicenter of the mainshock of the

M 9.1 earthquake on December 26, 2004. (Based on U.S.
Geological Survey)

the length of the state of California. Not only did the
seafloor shift about 20 m (~65 ft.) horizontally, but also
it rose several meters vertically.!* Displacement of the
sea bottom disturbed and displaced the overlying
waters of the Indian Ocean, and a series of tsunami
waves was generated. Waves radiated outward at high
speed across the Indian Ocean (Figure 4.10).

Unlike the Pacific Ocean, there was no tsunami
warning system for the Indian Ocean, and people were
mostly caught by surprise. Scientists on duty at the
Pacific Tsunami Warning Center in Hawaii recognized
that the earthquake could potentially produce a tsunami,
but the geophysical techniques to calculate the size of an
earthquake of such magnitude were not immediately
available to them.! Once they determined that a
tsunami was likely, the scientists managed to contact
other scientists in Indonesia and have the U.S. State
Department relay its concerns to some nations
surrounding the Indian Ocean. Unfortunately, the
warnings did not reach authorities in time to take action,
and even if they had, there was no system in place for
directly notifying coastal residents. If the warnings had
been received in time, tens of thousands of lives could
have been saved because the tsunami waves took several
hours to reach some of the coastlines where people died
(Figure 4.10). Even a warning of half an hour or so be-
fore the tsunami hit would have given sufficient time to
move many people from the low-lying coastal areas.5
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4.2 Geographic Regions at Risk from Tsunamis 133

< FIGURE 4.9 Earthquake
in Subduction Zone

Idealized cross-section of the
Sumatran subduction zone
and 2004 earthquake fault
rupture (red line). (Based on
US Geological Survey Data)
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A FIGURE 4.10 2004 Tsunami Killed People on Both Sides of Indian Ocean

Map showing the path of the tsunami produced by a M 9.1 earthquake off the west coast of Sumatra, Indonesia,
on December 26, 2004. Shown with blue dashed lines is the location of the lead tsunami wave each hour after
the earthquake. Note that the tsunami waves took approximately 7 hours to reach Somalia on the east coast

of Africa. Most deaths were in Indonesia, where the first local tsunami wave arrived an hour or less after the
earthquake. The number of deaths shown in each country is the total number of people dead or still missing.
(Data from Causalities summarized in Telford, J., and Cosgrave, J., Joint Evaluation of the International Response
to the Indian OceanTsunami: Synthesis Report. London: Tsunami Evaluation Coalition; Tsunami travel time data

from NOAA, 2006)

More than three-quarters of the deaths were in
Indonesia, which experienced both the intense shaking
from the earthquake and the inundation by tsunami
waves within less than an hour. In contrast, the first tsu-
nami wave took between 90 minutes and 2 hours to
reach Sri Lanka and India, where many thousands died,
and more than 7 hours to reach Somalia on the east

coast of Africa (see Figure 4.10). The first of many tsu-
nami waves reached other locations earlier or later,
depending on their distance from the rupture in the
subduction zone.

At the northern tip of the island of Sumatra, the
Indonesian provincial capital of Banda Aceh was nearly
destroyed (Figure 4.11). Destruction was caused by
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shaking from the earthquake, the force of the tsunami
waves, and flooding as the land subsided following the
earthquake. Coastal subsidence of a tectonic plate is
common in megathrust events along a subduction zone
(see Chapter 3).

Tourist areas in the region were hard hit, especially
in Thailand where several thousand tourists from
Europe, the United States, and elsewhere were killed.
Most visitors, and many first-generation residents,
were unfamiliar with tsunamis. They did not know how
to recognize that a tsunami was about to take place or
what to do if one occurred. This was true for many
people in Phuket, Thailand (Figure 4.12). Some people
seemed to be mesmerized by the approaching waves,
while others ran in panic.

On some coastlines, not everything was quite as
bleak. In Thailand, a 10-year-old British girl sounded

the warning in time for 100 people to evacuate a resort
beach. Only a few weeks before going to Thailand, she
had received a lesson in school about plate tectonics,
earthquakes, and tsunamis. As part of that lesson, she
learned that sometimes the sea recedes prior to the ar-
rival of a tsunami wave. That is precisely what she ob-
served, and her screaming to get off the beach eventually
convinced her mother and others to take action. Thanks
to her persistence, the beach was successfully evacu-
ated. Her mother later stated she did not even know
what a tsunami was but that her daughter’s school les-
son had saved their lives.

On another beach in Sri Lanka, a scientist on vaca-
tion witnessed a small wave rise up and inundate the
hotel swimming pool. In the next 20 minutes, the sea
level dropped by around 7 m (~23 ft.). The scientist rec-
ognized these events as a sign that a big wave was

< FIGURE 4.11 Nearly Complete
Destruction Associated with
Indonesian Tsunami of 2004

(a) Satellite view of Banda Aceh, the Indo-
nesian provincial capital on the northern
end of the island of Sumatra, before the
earthquake and tsunami of December 26,
2004. (AFP/GETTY IMAGES/Newscom)
(b) Two days after the tsunami, it is appar-
ent that nearly all the development has
been damaged or destroyed. Note that
the shoreline at the top of the photograph
has been extensively eroded, leaving be-
hind only a few small islands. Large parts
of the city flooded because of subsidence
caused by the earthquake that combined
with inundation from the tsunami.
(AFP/GETTY IMAGES/Newscom)



A FIGURE 4.12 Tourists Running for Their Lives

Man in the foreground is looking back at a brown wave of the
2004 Indonesian tsunami rushing toward him.The wave is
higher than the building behind him at this Phuket, Thailand,
resort. Many people living there, as well as the tourists, did not
initially think the wave would inundate the area where they
were, and when the waves arrived, they thought they would
be able to outrun the rising water. In some cases, people did
escape, but all too often they drowned. (John Russell/The Age/
ZUMAPRESS/Newscom)

coming and sounded the alarm. A hotel employee then
used a megaphone to warn people to get off the beach.
Many people had gone down to the beach out of curi-
osity to see the exposed seafloor. Shortly thereafter, the
searose 7 m (~23 ft.) above its normal level. Fortunately,
most people were either near hotel stairs or had es-
caped to higher floors. None of the staff or guests
drowned, but several people on the ground floor were
swept out and survived only by clinging to palm trees in
the hotel garden.'’

In the Andaman and Nicobar Islands in the north-
eastern Indian Ocean, as well as in parts of Indonesia,
some native people have a collective memory of tsuna-
mis. When the earthquake occurred, they applied that
knowledge and moved to high ground, saving entire
small tribes on some islands.

In Khao Lak, Thailand, elephants rather than peo-
ple sounded the warning and saved lives.?’ The ele-
phants started trumpeting about the time the M 9.1
earthquake occurred more than 600 km (~370 mi.) to
the west. The elephants then became agitated again
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about an hour later. Those elephants not taking tour-
ists for rides broke loose from their strong chains and
headed inland. Other elephants carrying tourists on
their backs ignored their handlers and climbed a hill
behind the beach resort, saving the tourists from the
fate that fell upon about 4,000 people who were killed
by the tsunami at the resort. When handlers recog-
nized the advancing tsunami, they got other elephants
to lift tourists onto their backs with their trunks and
proceed inland. The elephants did so even though
they were accustomed only to people mounting them
from a wooden platform. Tsunami waves then surged
about 1 km (~0.5 mi.) inland. The elephants stopped
just beyond where the waves ended their destructive
path.

Did the elephants know something that people did
not? Animals have sensory ability that differs from hu-
mans. It’s possible the elephants heard the earthquake,
because earthquakes produce sound waves with low
tones referred to as infrasonic sound. Some people can
sense infrasonic sound, but they don’t generally per-
ceive it as a hazard. The elephants may also have sensed
the motion as the land vibrated from the earthquake. In
either case, the elephants fled inland away from the ad-
vancing tsunami. Although the link between the ele-
phants’ sensory ability and their behavior is still
speculative, the actions of the elephants nevertheless
saved at least a dozen lives.?

Numerous reports received after the Indonesian
tsunami indicate the vital role of education in tsunami
preparedness. Thousands of lives would have been
saved had more people recognized from Earth’s behav-
ior that a tsunami was likely. Those people who felt the
large earthquake would have known that a tsunami
might be coming and could have evacuated to higher
ground. Even thousands of miles away where the seis-
mic waves were not felt, there were still signals of what
was about to happen. As the British schoolgirl knew, if
the water suddenly recedes from the shore and exposes
the sea bottom, you can expect it to come back as a
tsunami wave. This is the signal to move to higher
ground. People should also be informed that tsunamis
are seldom one wave but are, in fact, a series of waves,
with later ones many times larger and more damaging
than earlier ones. Educating people close to where a
tsunami may originate is particularly important, as
waves may arrive within 10 to 15 minutes following an
earthquake. Geologists have warned that it is likely an-
other large tsunami will be generated by earthquakes
offshore of Indonesia in the next few decades.’!** In
fact, during the past 2,800 years, there have been four
tsunamis identified by shallow excavations (Figure 4.13).
The most recent tsunami before the 2004 event oc-
curred 500 to 700 years ago.”?
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A FIGURE 4.13 Shallow Excavation Following the 2004
Tsunami

The top layer of light sand is the 2004 tsunami deposit. Three

older light-colored tsunami deposits, all less than 2,800 years
old, are shown here. (Brian Atwater/USGS)

Since 2004, an ocean-bottom tsunami warning sys-
tem consisting of sensors that recognize tsunami waves
has been put in place in the Indian Ocean, and sirens
are now in place in some coastal areas around the
Indian Ocean to warn of an approaching tsunami. In
addition, much more has been done to educate people
about the tsunami hazard. A tsunami in 2009 generated
by a M 8.1 earthquake struck American Samoa and
other islands in the region. The number of lives lost
was about 200, fewer than might have occurred without
the program of tsunami awareness and education.
People got the word out about the tsunami hazard and
what to look for, which resulted in evacuations that
saved lives. However, with even more education and
improved warning systems linked to evacuation pro-
cesses, more lives could have been saved.?*

TSUNAMI THREE CENTURIES AGO

An interesting example of damage from a distant
earthquake comes from three centuries ago. In the
year 1700, a tsunami generated by an estimated M 9
earthquake on the Cascadia subduction zone reached
the shores of Japan approximately 12 hours later
(Figure 4.14). You might wonder how we are able to
determine the magnitude of the earthquake and know
that it created a tsunami in Japan. This detective story
started with geologic investigations in North America
that found logs and soil that were buried below a
tsunami deposit sometime after 1660. The logs and
other plant material in the soil were radiocarbon
dated to determine when they were last alive, and the

12 hours

100 200

A FIGURE 4.14 Tsunami of 1700

This output from a computer model of the January 1700
tsunami is based on arrival times at several sites in Japan.
The maps show wave height and location 1 hour, 6 hours, and
12 hours after an ~M 9 earthquake occurred on the Cascadia
subduction zone. Such an earthquake would produce a fault
displacement of around 19 m (~60 ft.) over a distance of about
1100 km (~680 mi.) from British Columbia south to northern
California. (Used by permission of Kenji Satake)
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deposits showed evidence of subsidence at the time of
the earthquake. Based on the geologic evidence, the
length of rupture was estimated to be about 1000 km
(~620 mi.).>>?%?7 The evidence from Japan consists of
historical descriptions of a tsunami with a 1 to 5 m
(~3 to 16 ft.) runup height that took place in 1700.
Knowing the time of arrival of the tsunami in Japan,
scientists have inferred that the tsunami originated at
the Cascadia subduction zone about 9:00 p.m. PST on
January 26, 1700.%
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4.2 CHECK your understanding

1. Why do subduction zones produce the largest
earthquakes?

2. What are the main lessons learned from the
2004 tsunami?

4.3 Effects of Tsunamis and
Linkages with Other
Natural Hazards

The effects of tsunamis are both primary and second-
ary. Primary effects are related to the inundation of the
water and the resulting flooding and erosion. Virtually
nothing can stand in the path of a truly high-magnitude
tsunami. The wave energy is sufficient to tear up
beaches and most coastal vegetation, as well as all
homes and buildings in its path. These effects diminish
with distance from the coast. Much of the damage both
to the landscape and to human structures results from
the tremendous amount of debris carried by the water
as it moves inland and then back out again to the ocean.
What is left behind is often bare, eroded ground and
areas covered with all sorts of human and natural debris
(Figure 4.15).

Secondary effects of tsunamis occur in the hours,
days, and weeks following the event. Immediately fol-
lowing the tsunami, fires may start in urban areas from
ruptured natural gas lines or from the ignition of flam-
mable chemicals released from damaged tanks. Water
supplies may become polluted from floodwaters, dam-
aged wastewater treatment systems, and rotting animal
carcasses and plants. Disease outbreaks may occur, as
people surviving the tsunami come in contact with pol-
luted water and soil. Following the 2004 Indonesian
tsunami, public health officials were initially concerned
that there would be outbreaks of waterborne illnesses,
such as malaria and cholera. Fortunately, this did not
become a serious problem because of the quick action
of relief agencies and the destruction of mosquito
breeding grounds by saltwater flooding. What did oc-
cur is a pneumonia-like disease known as “tsunami
lung,” a condition that developed in people who in-
haled bacteria in muddy salt water. Because the disease
was not initially recognized and there were few antibi-
otics or medical personnel available for treatment,
many of the patients developed advance lung infections
that resulted in paralysis. Fortunately, treatment with
antibiotics eventually brought the infections under
control.”®

A FIGURE 4.15 Damage and Debris from 2004
Indonesian Tsunami

(a) In some areas, the tsunami removed all but the most sturdy
buildings, such as this mosque in Aceh Province, Indonesia.
(Spencer Platt/Getty Images) (b) In other areas, such as this part
of the Indonesian resort town of Pangandaran, the tsunami piled
up huge amounts of human and natural debris. This made it
difficult for these soldiers to locate victims. (Dimas Ardian/Getty
Images)

Several linkages exist between tsunamis and other
natural hazards. Tsunamis are obviously closely linked
to submarine and coastal earthquakes and landslides, as
well as island volcanic explosions and oceanic impacts
of asteroids and comets. For earthquake-generated
tsunamis, coastal communities near the epicenter expe-
rience casualties and property damage from both the
ground shaking of the earthquake (see Chapter 3) and
the inundation by the tsunami. Powerful tsunami waves
interact with coastal processes to change the coastline
through erosion and deposition of sediment. There was
dramatic evidence of this interaction following the
2004 tsunami in the area near Banda Aceh, Indonesia
(see Figure 4.11). A combination of erosion caused by
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the tsunami and subsidence caused by the earthquake
has altered the coastal area to the point that it scarcely
resembles what it was prior to the event.

4.3 CHECK your understanding

1. What are the primary and secondary effects of
tsunamis?

2. List the ways tsunamis are linked to other
hazards.

4.4 Natural Service Functions
of Tsunamis

Large tsunamis are capable of causing catastrophic death
and destruction. It is hard to imagine much in the way of
benefits from such disasters. The movement of vast
amounts of seawater on land undoubtedly brings many
chemicals from the ocean to the land, which may have
long-term effects on ecosystems that might otherwise be
deprived of nutrients. Tsunamis also bring ashore a large
volume of sediment that, over a long period, contributes
to the general development of the landscape. In the com-
ing years, studies of landscape and ecosystem changes
following the 2004 Indonesian tsunami may reveal other
natural service functions of tsunamis.

4.4 CHECK your understanding

1. What are potential natural service functions of
tsunamis?

4.5 Human Interaction with
Tsunamis

We cannot prevent tsunamis, and few, if any, tsunamis
have been influenced by human activities. The magni-
tude and frequency of these events are not in any way
tied to human activity. As with hurricanes and rising sea
level, people who move to coasts that have an elevated
risk for tsunamis are increasing the likelihood that they
will be affected by this natural process. As populations
of countries around the globe increase and more people
inhabit coastal areas, the number of people affected by
a given tsunami event will likely rise.

Damage from tsunamis is regrettable, but there are
some lessons from past tsunamis that can be applied to

reduce the damage from future events. For example, we
can plant buffer zones of trees along a coast that will
absorb some of the impact of incoming tsunami waves.
We might also consider constructing our buildings to
withstand the onslaught of moderate tsunamis and
moving other structures inland where they are less

likely to be damaged.

4.5 CHECK your understanding

1. How do growing populations and changing land
uses influence the incidence and consequences
of tsunamis?

4.6 Minimizing the Tsunami
Hazard

A number of strategies are available for minimizing the
tsunami hazard, including detection and warning,
structural control, construction of tsunami runup maps,
land-use planning, probability analysis, education, and
implementation of tsunami-ready status.

DETECTION AND WARNING

Since nearly all large tsunamis are associated with giant
earthquakes, our first warning comes from an earth-
quake in an offshore area that is large enough to pro-
duce a tsunami. We have the capability to detect distant
tsunamis in the open ocean and accurately estimate
their arrival time to within a few minutes. This infor-
mation has been used to create a successful tsunami
warning system in the Pacific Ocean.

A tsunami warning system has three components: a
network of seismographs to accurately locate and de-
termine the depth and magnitude of submarine and
coastal earthquakes, automated tidal gauges to measure
unusual rises and falls of sea level, and a network of sen-
sors connected to floating buoys (Figure 4.16). Surface
buoys with a bottom sensor, known as a tsunameter, de-
tect small changes in the pressure exerted by the in-
creased volume of water as a tsunami passes overhead
(Figure 4.16a). This information is relayed by satellite
to a warning center and is combined with tidal gauge
information to predict tsunami arrival times. For ex-
ample, an underwater earthquake in Hawaii could pro-
duce a tsunami that would radiate outward across the
entire Pacific Ocean and arrive at different times in
California, Alaska, Japan, and Papua New Guinea
(Figure 4.16b). Following the Indonesian tsunami, sim-
ilar systems are being created in the Indian Ocean and
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< FIGURE 4.16 Tsunami Warning System

(a) A surface buoy and bottom sensor to detect a tsunami. (From
“Dart Mooring System,” NOAA, http://nctr.pmel.noaa.gov/Dart/
dart_ms1.html) (b) Travel time (each band is 1 hour) for a tsunami gen-
erated in Hawaii. The wave arrives in Los Angeles in about 5 hours. It
takes about 12 hours for the waves to reach South America. Locations
of 30 DART tsunameter buoys are shown with red dots. At least 14
additional DART tsunameter buoys are planned for the Pacific Ocean
and Atlantic Ocean. (From “Dart Locations,” NOAA Magazine, www.
noaanews.noaa.gov/stories2007/s2904.htm)
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though, will probably feel the earthquake and
can immediately move inland to higher ground.
Certainly, if one observes the water receding, it is
a sign to run inland. Some coastal communities
in Hawaii, Alaska, the Pacific Northwest, British
Columbia, Japan, and elsewhere also have warning sirens
to alert people that a tsunami may soon arrive.

STRUCTURAL CONTROL

Tsunamis that are even a meter or two high have such
power that houses and small buildings are unable to
withstand their impact.” However, building designs for
larger structures, such as high-rise hotels and critical
facilities, can be engineered in such a way as to greatly
reduce or minimize the destructive effects of a tsunami.
For example, the city of Honolulu, Hawaii, has special
requirements for construction of buildings in areas
with a tsunami hazard. However, for most hazard areas,
the current building codes and guidelines do not ade-
quately address the effect of a tsunami on buildings and
other structures.?’

Building seawalls is another type of structural con-
trol. The goal is to have walls that will not allow tsuna-
mis to move from the coast inland. The hard part is
deciding how high walls should be. Walls that are not
sufficiently high to protect a city can lead to a false
sense of security.

(b)

TSUNAMI RUNUP MAPS

Following a tsunami, it is a fairly straightforward
procedure to produce a tsunami runup map that
shows the level to which the water traveled inland.
Such a map was created for the island of Oahu,
Hawaii, following the 1946 tsunami that originated
from an earthquake in Alaska’s Aleutian Islands
(Figure 4.17). That map illustrates the tremendous
variability of runup height from a typical tsunami.
The runup from the 1946 tsunami varied from about
0.6 m (~2 ft.) in Honolulu to 11 m (~36 ft.) at Kaena
Point and Makapuu Point on opposite ends of the
island.

Before a tsunami strikes, a community can produce
a hazard map that shows the area that is likely to be
inundated by a given height. Huntington Beach,
California, one of a number of American and Canadian
communities that has a significant tsunami hazard,
has prepared such a map (Figure 4.18a). Although the
probability of a large tsunami in southern California
is relatively low, the consequences of such an event
could be catastrophic. For example, the entire city of
Huntington Beach has an elevation of less than 33 m
(~110 ft.), and three-quarters of the city is less than
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8 m (~25 ft.) above sea level. Huntington Beach itself
faces to the southwest and, as such, is vulnerable to a
tsunami from either the south or west. Such an event,
for example, might originate in Alaska, Japan, or the
South Pacific. The beach attracts up to 100,000

< FIGURE 4.18 Huntington Beach, California, Tsunami
Runup Map

(a) Predicted runup map showing areas likely to be inundated
by tsunami runup in red. These areas are more susceptible

to runup due to their lower elevations with respect to yellow
regions. (From the City of Huntington Beach) (b) The popular
beach with pier and area to the southeast. (Arthur Eugene
Preston/Shutterstock)

people or more each day during the summer, so the
city is giving serious consideration to the possibility
of a tsunami. Many other cities and areas have pro-
duced tsunami runup maps, and this trend will un-
doubtedly continue in the future.
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A FIGURE 4.19 Tsunami Damage to Trees
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December 29, 004 (b)

(a) Before and (b) after 2004 Indonesian tsunami removed many trees. (© Getty Images/DigitalGlobe/

ScapeWare3d/Contributor)

LAND USE

In the aftermath of the 2004 Indonesian tsunami, scien-
tists discovered that tropical ecology played a role in de-
termining tsunami damage. Where the largest waves
struck the shore, there was inevitably massive destruc-
ton (Figure 4.19). In other areas, the damage was not
uniform. Some coastal villages were destroyed, whereas
others were less damaged. Those villages that were
spared destruction were partly protected from the en-
ergy of the tsunami by either a coastal mangrove forest
or several rows of plantation trees that reduced the ve-
locity of incoming water.*® Coastal land-use and land-
cover studies have documented the advantage of locating
villages inland behind a coastal forest (Figure 4.20). It
has been suggested that places where the forest grows
naturally may be somewhat protected from wave attack
by the nearshore and land topography. Thus, develop-
ment in areas with a tsunami hazard might look to land-
use planning that includes identifying where serious
tsunami damage has occurred in the past and avoiding
the most hazardous places. That is using the principle of
uniformitarianism discussed in Chapter 1.

With rapid coastal development for a variety of
purposes, including tourism, coastal mangroves are
often removed and replaced by homes, high-rise ho-
tels, and other buildings. These structures are often
located close to the beach and, thus, are vulnerable to
tsunami attack. Although it may not be practical to
move tourist areas inland, planting or retaining native
vegetation could provide a partial buffer from a small-
to-moderate tsunami attack. However, large tsunami
waves can erode large trees from the soil, and their
trunks and branches can then move inland with the

water, producing a serious hazard to people and struc-
tures. The best and safest approach to lessen the tsu-
nami hazard is always quick evacuation.

PROBABILITY ANALYSIS

The risk of a particular event may be defined as the
product of the probability of that event occurring and
the consequences should it occur. Thus, determining
the likelihood or probability of a tsunami is an impor-
tant component in analyzing the potential hazard. For
the most part, the hazard analysis for tsunamis has relied
on evidence from past tsunamis to determine the hazard
rather than to attempt to calculate the probability of a
future tsunami. The more deterministic approach is
simply to derive a tsunami inundation map, such as that
shown in Figure 4.18a, and use that to develop evacua-
tion maps. In contrast, analysis of the probability of a
tsunami hazard provides information not only on the
likelihood of the event but also on other aspects as well,
such as location of the event, the extent of the runup,
and the possible severity of damage. The approach taken
in developing a probabilistic analysis of the tsunami haz-
ard should include the following steps:

> Identify and specify the potential earthquake

sources and their associated uncertainties.

> Specify relationships that will either attenuate
or reduce tsunami waves as they travel from the
source area.

> Apply probabilistic analysis to the tsunami hazard

similar to what is currently being done for earth-
quake hazard analysis. However, with tsunamis,
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A FIGURE 4.20 Trees Provide Some Protection from
Tsunami Damage

Tree cover existing pre-tsunami with post-tsunami damages

to the land and villages in the Cuddalore District of India.
(Based on Danielsen, F, Serensen, M. K., Olwig, M. F, Selvam,
V., Parish, F, Burgess, N. D., Hiraishi, T., Karunagaran, V. M.,
Rasmussen, M. S., Hansein, L. B., Quarto, A., and Suryadiputra.
N. 2005. “The Asian Tsunami: A Protective Role for Coastal
Vegetation,” Science 310: 643)

the analysis must consider the fact that tsunamis
can originate from multiple sources, including
ones that are far away from the location where the
hazard is present.

This probabilistic approach to tsunami hazard assess-
ment is still being developed. One difficulty is that tsuna-
mis at a particular location are generally rare events. If
there is not sufficient activity in the past to develop the
probability of future events, then the analysis depends on
a statistical technique known as Monte Carlo simulation.
This technique has been used to simulate the behavior of
earthquakes and tsunamis. The overall objective is to

determine tsunami return periods and probabilities for
both distant and local sources. To apply this technique,
the Monte Carlo simulation selects a random sample of
earthquakes of various magnitudes and determines the
tsunamis that would be propagated from these quakes.
Using these tsunamis, a mathematical model is then con-
structed to estimate the tsunami amplitude or runup
along a particular coast. This must be done for each of
the potential seismic sources for a particular coastline.’!

EDUCATION

Education concerning the tsunami hazard is critical to
minimizing risk (see Case Study 4.3: Professional
Profile). This was shown dramatically during the 2004
Indonesian tsunami when numerous lives were saved
because people recognized that the receding seawater
was a warning sign of an impending tsunami. Likewise,
it is important to teach coastal residents and visitors the
difference between a tsunami watch, which is notifica-
tion that an earthquake that can cause a tsunami has oc-
curred, and an actual tsunami warning that a tsunami
has been detected and is spreading across the ocean to-
ward their area. For a distant tsunami, there will likely
be several hours before the waves arrive after a warning
has been issued. In a local tsunami, there may be little
warning time; therefore, more attention must be given
to nature’s warning systems, such as earthquake shaking
or water receding from a shoreline. People must also be
taught that tsunamis come in a series of waves and that
the second and third waves may be larger than the first
one. Finally, people must be informed that the water re-
turning to the ocean once a wave has run up is just as
dangerous as the incoming water.

TSUNAMI-READY STATUS

In order for a community to be prepared, or tsunami
ready, it must follow these steps:

> Establish an emergency operation center with
24-hour capability.

> Have ways to receive tsunami warnings from the
National Weather Service, Canadian Meteorologi-
cal Centre, Coast Guard, or other agencies.

> Have ways to alert the public.

> Develop a tsunami preparedness plan with emer-
gency drills.

> Promote a community awareness program to
educate people concerning a tsunami hazard.

These guidelines for tsunami-readiness status are being
applied to a number of communities in California and
other areas. For example, the University of California,
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Santa Barbara, and the city of Huntington Beach,
California, have been certified as tsunami ready (see
Figure 4.18).

The educational component is of particular impor-
tance. Most people may not know what to do if a tsu-
nami watch or warning is issued. For example, in 2005,
there was an earthquake far away from the city of Santa
Barbara in the Pacific. As it turned out, a tsunami did
not occur, but a tsunami watch was placed up and down
the California coastline. Since nothing was said about
the size of the possible tsunami, some people, on hear-
ing the notice, drove to the top of a nearby mountain
pass thousands of feet above sea level. Those locations
were great for views, but people certainly did not need
to drive that far or that high to evacuate the potential
danger zone. There was no plan in place to directly ob-
serve the tsunami, and the news media reported that
some people perched on a sea cliff at night, whereas
others climbed palm trees to see if the wave was com-
ing. This experience in Santa Barbara, and other West
Coast communities, suggests that even many “tsunami-
ready” communities are not adequately prepared for
the tsunami that will eventually strike their coasts.

4.6 CHECK your understanding

How are tsunamis detected in the open sea?

2. What are structural control options to reduce
tsunami damage?

3. How can producing a tsunami runup map help
reduce potential tsunami damage?

4. How can vegetation help minimize tsunami
damage?

5. What are the three parts of developing a
probabilistic approach to analyze future tsunami
damages?

6. What is the role of education in minimizing the
consequences of a tsunami?

7. What factors are necessary for obtaining
tsunami-ready status?

4.7 Perception and Personal
Adjustment to Tsunami
Hazard

The preceding discussion suggests that many people do
not know the signs of an approaching tsunami or what
to do if a watch or warning is issued. From a personal
perspective, if a warning is issued, you can take the

following actions and follow tsunami safety rules:*>**

> Because large earthquakes have the potential to
cause tsunamis, if you feel a strong earthquake and
are at the beach, leave the beach and low-lying
coastal area immediately.

> A small tsunami at one beach can be a giant a few
miles away. Don’t let the modest size of a tsunami
in one location make you lose respect for what m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>