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“And ye shall flee to the valley of the mountains;
for the valley of the mountains shall reach unto
Azal: yea, ye shall flee, like as ye fled from before
the earthquake in the days of Uzziah king of
Judah.”
Book of Zechariah 14:4-5,
issuing the world’s first earthquake forecast.
The new earthquake did not arrive until 31 B.C,,
about five hundred years later.
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Preface to the Second
Edition

At first, it was simply the excitement of a scientific
discovery: that the Pacific Northwest, where I live, was
wracked by great earthquakes in its recent past. During
the 1980s, the U.S. Geological Survey held meetings
and workshops to debate the possibility of catastrophic
earthquakes beneath the magnificent mountains and
verdant valleys of the land of Lewis and Clark. Then
we held our own meeting in Oregon, and I became a
convert.

But after a while, I began to wonder whether it was
more important to discuss earthquakes with my
scientific colleagues or, instead, with my wife, my next-
door neighbor, or the state legislature. This question
solved itself when, following the recognition of a
looming earthquake threat, the earthquakes themselves
started to arrive: Loma Prieta, California, in 1989, two
Oregon earthquakes in 1993, and Northridge, California,
in 1994. I found myself on the Rolodexes of media
reporters, and I became a media resource (make that
“talking head”), usually before I knew the details of the
earthquake [ was asked to explain.

In some respects, telling my Northwest neighbors
that we have an earthquake problem has been like
telling them about carpenter ants in their basement or
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about high blood pressure and high cholesterol as a
result of high living. The reaction was, “Yes, I know, but
I don’t want to think about it right now, let alone do
anything about it” But the sheer size of the earthquake
problem dwarfs other concerns we face: thousands of
fatalities and tens of billions of dollars in damage.
Suddenly, earthquake science stopped being fun, and
as a scientist, I began to feel like the watchman on
the castle walls warning about barbarians at the gate,
begging people to take me seriously.

Part of my frustration was that, despite the scientific
discoveries and despite the television images of
earthquake damage, nobody seemed to remember
anything. I could give a talk to a civic club in 1995,
two years after the two Oregon earthquakes, and find
out in the question and answer period that most of
my listeners were surprised to learn that they ought
to be taking some steps to protect themselves against
earthquakes, just as they would against fire. People on
the street interviewed on television in 2003 after a
small earthquake in north Portland were clueless about
earthquakes.

A solution to my problem came at the university
where I teach. Oregon State University had recently
adopted a baccalaureate core curriculum that includes
courses that synthesize and integrate student learning
at the advanced undergraduate level. One of the
components of the new curriculum is a course relating
the discoveries of science to their impact on
technology and on society (Yeats, 2003).
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In 1995, I offered to teach a course that told the story
of the scientific recognition of the earthquake problem
in the Northwest and of how society has responded
to it in terms of legislation, building codes, insurance
premiums, elementary school curricula, and individual
and community preparedness. The course was first
taught in winter term, 1997, to a large class on campus
and was also televised on three cable channels in
Oregon. The class notes written for this course served
as the nucleus of this book, a text for future classes.
In 1998, the course was offered again on campus and
on the three cable channels as well as four outlying
classrooms via closed-circuit television. It has been
taught every year since by Andrew Meigs or Bob Dziak.

Students signed up from across the campus
community. I required a five-page term paper on a
topic related to earthquakes. Although the prospect of
reading nearly two hundred term papers was daunting,
it turned out to be the most gratifying part of the
course. Students wrote lesson plans for third graders,
retrofit plans for their parents’ houses, designs for
earthquake-resistant bridges, community response
strategies, and potential escape routes from an
impending tsunami, even the feasibility of surfing a
tsunami! It turns out that surfing a tsunami can't be
done, but surfing the Internet allowed students, even in
distant learning sites far from a university library, to get
up-to-the-minute information, so that in some cases,
the student learned about new developments before
I did. I was reminded again of the awesome creative
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potential of motivated undergraduates, some only a few
years out of high school, others returning to school in
mid-life. Some of these term papers enriched my own
experience and knowledge and thereby enriched this
book.

Although the book was written for the students in
these classes, it serves a larger community as well:
families concerned about earthquake hazards in their
decisions about where to live, legislators presented
with bills to expand (or reduce) earthquake protection,
insurance actuaries wondering what premiums to
charge for earthquake insurance, high school principals
and teachers trying to figure out why they are told
to conduct earthquake drills in schools, local officials
considering stricter ordinances to regulate growth
while avoiding lawsuits, and the growing number of
people involved professionally in emergency
preparedness. With better knowledge about what is
(and is not) possible, people can make more informed
decisions.

Writing the book led me into subject areas in which
I was woefully uninformed, and here I had a lot of help
from others in seeking out information, in guest
lectures to my class, and in reviewing chapters. My
thanks go to Clarence Allen of Caltech, Derek Booth,
Ken Creager, Bob Crosson, Ruth Ludwin, Bill Steele,
and Kathy Troost of the University of Washington, Jeff
Fletcher of Northern Pacific Insurance Co., Richard J.
Roth of the California Department of Insurance, Joan
Scofield of the Washington State Insurance
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Commissioner’s Office, Chris Jonientz-Trisler and Mark
Stevens of FEMA, Brian Atwater, Pat McCrory, Alan
Nelson, Steve Obermeier, Bob Schuster, Brian Sherrod,
and Craig Weaver of the U.S. Geological Survey, Pat
Pringle, Karl Wegmann, and Tim Walsh of the
Washington Division of Geology and Earth Resources,
Don Hull, lan Madin, George Priest, and Yumei Wang
of the Oregon Department of Geology and Mineral
Industries, Mark Darienzo of Oregon Emergency
Management, John Cassidy of the Pacific Geoscience
Centre, John Clague of Simon Fraser University, Kenji
Satake of the University of Tokyo, Scott Ashford, Chris
Goldfinger, Vern Kulm, Bob Lillie, Lisa McNeill, Andrew
Meigs, Steve Dickenson, and Tom Miller of Oregon
State University, Pat Corcoran of OSU Extension, Ray
Weldon of the University of Oregon, Scott Burns and
Ron Cease of Portland State University, Lori Dengler
of Humboldt State University, Mark Benthien and John
McRaney of the Southern California Earthquake Center,
Jim Davis and Bob Sydnor of the California Geological
Survey, Diane Murbach of the City of San Diego, Eldon
Gath of Earth Consultants International, Jim Swinyard
of Benton County, Oregon, Diane Merton of the Benton
County Emergency Management Council, Roger Faris
of the Finney Neighborhood Center in Seattle, Hal
Mofjeld and Bob Dziak of the National Oceanic and
Atmospheric Administration, Bob Freitag of the
Cascadia Regional Earthquake Workgroup (CREW), and
David Middleton of the New Zealand Earthquake
Commission. I learned much from the delegates to the

xvi | Robert S. Yeats



Western States Seismic Policy Advisory Council
meeting in Victoria, B.C. in October, 1997 and in
Portland, Oregon, in September, 2003, and from a
conference on Cascadia sponsored by the Geological
Society of America in Seaside, Oregon.

Illustrations make a book. I received original
photographs and drawings from Tanya Atwater (of the
University of California, Santa Barbara), Chris
Goldfinger of OSU, Meghan Miller, (then of Central
Washington University), Sarah Nathe (then of the
California Office of Emergency Services), Gordon
Jacoby (of Columbia University). Robert Kamphaus (of
the National Oceanic and Atmospheric Administration),
Steve Obermeier, Rick Minor (of Heritage Research
Associates), Kenji Satake, the late Karl Steinbrugge, Bill
Steele, Tim Walsh, Pat Pringle, Karl Wegmann, David
Oppenheimer, Brian Atwater, Alan Nelson, and David
Wald of the U.S. Geological Survey, and Pat Williams (of
Lawrence Berkeley Laboratory). Original figures for this
edition were drafted by Kristi Weber. The color slide
collection of the National Oceanic and Atmospheric
Administration, available from the National Geophysical
Data Center, was the source of several photographs.
Jack Ohman allowed me to use his perceptive cartoon
that appeared in the Oregonian after the Scotts Mills
earthquake in 1993, and Morika Tsujimura and Chris
Scholz permitted the use of their cartoon in Chapter 7.

The second edition got its start as a result of my
invitation by Ken Creager of the Department of Earth
and Space Sciences of the University of Washington
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to assist him in an earthquake outreach class in the
spring of 2003. This gave me the opportunity to talk to
the large community of earthquake professionals in the
Seattle area and to consider the impact of the Nisqually
Earthquake of 2001, which struck after the publication
of the first edition and tested the earthquake
preparedness of the Seattle, Tacoma, and Olympia
metropolitan areas.

Thorough and constructive edits of the entire first-
edition manuscript were provided by the late George
Moore of Oregon State University and my wife, Angela,
who pointed out my scientific jargon that got in the way
of communicating to a lay readership. Jo Alexander of
the OSU Press edited the final manuscript and carried
both editions through to completion.

Ultimately, the success of this book will be measured
after the next large earthquake, when we ask ourselves,
“Were we ready?”

Robert S. Yeats
Corvallis, Oregon

Suggestion for Further Reading

Yeats, R. S., 2003. Seismology and society: A course in
why it all matters. Seismological Research Letters, v.
74, p. 625-27.
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Preface to the Third
Edition

I was asked by Tom Booth, Associate Director of the
Oregon State University Press, if I was interested in
publishing an online version of Living with Earthquakes
in the Pacific Northwest, to be made available to
students and the general public without charge. The
two print editions, published in 1998 and 2004, have
been used in classes as part of OSU’s Baccalaureate
Core Curriculum, showing how science and technology
have contributed to our society. The book has also been
a source of information on how people of the
Northwest should prepare themselves for the next,
inevitable earthquake.

The idea of a free online book appealed to me,
because students would not have to worry about selling
the book back to the bookstore but could keep it as a
resource if they remained in the Northwest. An online
edition allows me to include color photographs and
maps, which I could not do in the earlier editions except
for the book cover. In addition, this third edition
includes earthquake-related animations graciously
supplied by Jenda Johnson, an OSU graduate in geology,
and Dr. Robert Butler of the University of Portland.
These videos have further references to videos by the
Incorporated Research Institutions in Seismology
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(IRIS), which have been made in cooperation with Jenda
Johnson and Bob Butler. You are urged to view these
yourself and persuade your friends and family to view
them also, because the videos stress the need for
preparedness against the next catastrophic Cascadia
Subduction Zone earthquake.

The study of the Cascadia Subduction Zone
continues to advance, from its first recognition as a
seismic hazard in the 1980s to the development by
Chris Goldfinger of a paleoseismic earthquake history
over the past 10,000 years, the longest subduction-
zone record on Earth. The magnitude 9 earthquake and
accompanying tsunami that we are expecting in the
Northwest happened first in northeast Japan on March
11, 2011; the effects that were indicated based on
geological evidence, such as sudden coseismic
subsidence of the coast, were actually observed and
photographed in Japan. This gave us new information
on our own Cascadia earthquake, still in the not-too-
distant future.

The Japanese are the best prepared society on Earth
when it comes to earthquakes, but they underestimated
the size of the accompanying tsunami, which resulted
in the deaths of nearly sixteen thousand people in 2011.
Let’s hope this does not happen to us.

Another development was an assessment of the cost
of doing nothing, or of taking only token steps toward
earthquake preparedness. Scientists still are unable to
predict the time, place, and magnitude of the next
damaging earthquake, and this has given society and
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its decision-makers an excuse not to spend the money
that is needed to prepare for the next one. Some
legislators, particularly those representing citizens
living on the coast, were concerned about this and
wanted to know what the cost would be of not taking
steps in advance. Both Oregon and Washington
authorized resilience surveys in which the effects of
a large earthquake were calculated by working groups
of structural engineers, earth scientists, planners, and
general citizens. These working groups found that
many buildings, including schools, hospitals, and
command centers for local government, are likely to
collapse during the next earthquake, with the loss of
thousands of lives—this would be the greatest
catastrophe in the two centuries that the Northwest
has been under settlement by people of European
descent. Their findings are summarized in a report by
the Cascadia Regional Earthquake Workgroup (CREW).
The legislature has authorized a continuation of their
surveys under the leadership of Scott Ashford, Dean of
Engineering at OSU.

In addition to losses incurred during such an
earthquake, including the destruction of businesses
and critical facilities like hospitals, the resilience
surveys show that western Oregon and Washington
would take many months to recover to pre-earthquake
conditions. Businesses, particularly those on the coast,
would be forced to relocate, taking jobs and the tax
base with them. The comparison would be with New
Orleans after Hurricane Katrina, devastated after the
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failure of levees along the Mississippi River and flooding
of populated areas such as the Ninth Ward. Years after
Hurricane Katrina, the population and economy of New
Orleans still have not recovered. This is likely to be the
situation in the Northwest, especially along the coast,
except on a much larger scale. Recovery in the affected
states (and the Canadian province of British Columbia)
would require the expenditure of large amounts of
money over a period of many years. How will this be
paid for?

My objective is for you to use this book as a guide
to preparation for the next earthquake, a far more
important goal than just taking the baccalaureate core
course. The information in this book should provide
the arguments you need to become an advocate for
major strengthening of our society against the coming
earthquake. The future of the Northwest will depend
on a society that has prepared itself to survive the
earthquake. The book is being published online, which
will permit us to update it as new information becomes
available.

On behalf of the people responsible for preparing the
Northwest for the next subduction-zone earthquake, I
express my gratitude to the Oregon State University
Press for selecting this book to be published in an
online edition that will be available free to students
taking our earthquake class, and especially to the larger
community of residents of the Northwest and British
Columbia who will be able to use this book in preparing

xxii | Robert S. Yeats



our region against the arrival of the inevitable
catastrophic subduction-zone earthquake.
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PART 1

PART I:
INTRODUCTION

We are not used to the idea of earthquakes near my
home in the Pacific Northwest. Earthquakes are a
threat to California, Japan, and Alaska, but surely not
to Seattle, Spokane, Portland, and Vancouver. That was
certainly my own view in 1977, when I moved to
Corvallis, Oregon, even though I had been studying
earthquakes for many years—in California, of course.
My neighbor said, “Earthquakes? Bob, you gotta be
kidding!”

On the other hand, the Pacific Northwest is flanked
by a huge offshore active fault more than seven
hundred miles long at the base of the continental slope:
the Cascadia Subduction Zone. Subduction zones are
where masses of crust collide, and a block of oceanic
crust is forced down deep into the Earth’s interior.
Subduction zones around the Earth produce most of
the world’s great earthquakes. Unlike most of the other
subduction zones, the Cascadia Subduction Zone has
not suffered an earthquake since local written records
have been kept. Modern seismographs show very little
microearthquake activity on this subduction zone. I
assumed, as did most of my scientific colleagues, that
subduction in the Pacific Northwest is nonviolent, and

Living With Earthquakes | 1



that the oceanic crust somehow eases beneath the
major cities of the Northwest without building up strain
that would be released by earthquakes.

But in 1983, I heard a presentation by John Adams,
a young New Zealand geologist transplanted to the
Geological Survey of Canada. Adams stated that there
might be an earthquake hazard in the Pacific
Northwest. He had learned that a little-known federal
agency, the National Geodetic Survey, routinely re-
levels U.S. highway survey markers, and he decided to
compare old level lines with more recent ones. Changes
in the relative elevation of survey monuments and
benchmarks along Pacific Northwest highways could
provide evidence of the slow buildup of tectonic strain,
ultimately leading to an earthquake.

If there were no warping of the Earth’s crust, re-
leveling highway markers would be a pretty boring job.
Each survey would be exactly like the previous one. But
the re-leveling done by the National Geodetic Survey
in the Pacific Northwest was not the same between
surveys. It showed an ominous change. The highways
crossing the Coast Range are being tilted slowly toward
the Willamette Valley in Oregon and Puget Sound in
Washington. Could this mean an increase of strain in
the Earth’s crust, like a diving board being bent, and
possibly a future rupture and earthquake?

As a student of natural disasters, I worry about
needlessly alarming the public. What would be the
reaction of people in major cities like Seattle, Tacoma,
and Portland to such bad news? “Cool it, John,’ I said.
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Good scientist that he is, Adams ignored my advice
and published his results anyway. What was the result?
Nothing! For the average person, the idea was too far-
fetched. The media did not pick up on the story, and
Adams’ research paper was read only by other
scientists. I breathed a sigh of relief, but I also began
to worry that my early assumption of a slippery
subduction zone might be wrong. So I waited for
scientific confirmation from other sources.

Evidence was not long in coming. In 1984, Tom
Heaton and Hiroo Kanamori, two seismologists from
the California Institute of Technology (Caltech),
published a comparison of the Cascadia Subduction
Zone with others around the world. They knew that
Cascadia was unusually quiet, but otherwise the
geologic setting was the same as that of other
subduction zones that had experienced catastrophic
earthquakes, like those off the coasts of Chile and
Alaska. The oceanic crust in the Cascadia Subduction
Zone is relatively young, which means that it has cooled
from the molten state only a few million years ago (a
short time for a geologist). Because it is hotter than
other oceanic crust, it is also lighter and more buoyant,
meaning that it is not likely to slide smoothly beneath
the continent. (The comparison I use is that of trying
to stuff an air mattress beneath a floating raft.) Other
subduction zones similar to Cascadia have been visited
in this century by earthquakes of magnitudes greater
than 8. Could it be that the reason for the lack of
seismic activity here is that this subduction zone is
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completely locked? Maybe the time during which
records have been kept, less than two hundred years, is
too short for us to conclude that the Pacific Northwest
is not earthquake country.

At the same time, Jim Savage and his colleagues at
the U.S. Geological Survey (USGS) were re-surveying
geodetic benchmarks and finding evidence of
horizontal contraction of the crust of western
Washington, which could be explained as a response
to the eastward driving of the oceanic plate beneath
the continent, further evidence that the Cascadia
Subduction Zone is locked but building up strain.

Two years after Heaton and Kanamori published their
model of a locked subduction zone, Brian Atwater of
the USGS in Seattle was paddling his kayak up the
Niawiakum Estuary of Willapa Bay, in southwestern
Washington. The purpose of his trip was to examine
soft sediment along the banks of the estuary, which he
was able to observe only at very low tide. This young
sediment, only a few hundred years old, might contain
evidence to support or refute the ideas that were being
advanced about earthquakes.

There Atwater made an astonishing observation. Just
beneath the marsh grass is gray clay containing
microscopic marine fossils, evidence that it had once
been deposited beneath the surface of the sea. Below
the gray clay is a soil and peat layer from an older
marsh, together with dead cedar stumps from an
ancient forest. These stumps had been covered by the
marine gray clay, in which the present marsh grass had
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grown. Why are the fossil forest and the fossil marsh
overlain by clay with marine fossils? Atwater concluded
that the old marsh flat and the coastal western
redcedar forest had suddenly dropped down and been
covered by Willapa Bay. Not gradually, but instantly!
What could have caused this?

Atwater talked about his discovery to George Plafker,
also of the USGS. Plafker told him that the same thing
had happened after great subduction-zone
earthquakes in southern Chile in 1960 and in the Gulf of
Alaska in 1964. Coastal areas had subsided and had been
inundated permanently by the sea, drowning forests
and marshes. Atwater made the comparison and
thought the unthinkable. The marshes and coastal
forests of the Pacific Northwest had been
downdropped during a great earthquake!

The evidence for earthquakes that I had been looking
for was falling into place, and the news wasn't good.
At this point, Don Hull, the State Geologist of Oregon,
and I decided to hold a scientific workshop the evening
before the Oregon Academy of Sciences meeting in
Monmouth in February 1987, to address the question: Is
there a major earthquake hazard in Oregon or not? We
invited John Adams, Tom Heaton, and Brian Atwater,
as well as other scientists, including skeptics who had
previously advocated the idea that no earthquake
hazard exists on the Cascadia Subduction Zone.

Everybody agreed to come, and the atmosphere was
electric. The Oregonian newspaper got wind of the
meeting, and their science writer, Linda Monroe,
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wanted to cover it. I was nervous about having the press
there because I wanted the scientists to be completely
candid, not worrying about a front-page doomsday
quote in a major newspaper. But Monroe asked me to
trust her, and I did. Her coverage was responsible, and
her presence did not detract from the give-and-take of
the meeting.

As it turned out, Linda Monroe had a scoop. There
was no argument, no controversy! Most of the
scientists at the meeting were so impressed with the
results presented by Adams, Heaton, and Atwater that
the no-earthquake opposition retreated to the
sidelines. The meeting marked a paradigm change, a
fundamental change in our thinking about earthquakes
in the Northwest. Attendees at the Oregon Academy
meeting and readers of the Oregonian got the word
the next day. Oregon, as well as the rest of the Pacific
Northwest, is indeed Earthquake Country! None of us
felt as safe after that day as we thought we had been the
day before.

The third edition, updated nearly three decades later,
tells the earthquake story of the Pacific Northwest.
(This includes the west coast of Canada, and perhaps
from a Canadian perspective, it should be the Pacific
Southwest.) The book presents the evidence for
earthquakes, the location of major faults, the danger
from tsunamis, the importance of ground conditions,
and what we as individuals and as taxpayers and voters
can do to make our homes and our communities safer
from earthquakes. There are lessons from the

6 | Robert S. Yeats



Northwest experience to be learned elsewhere in the
United States, Canada, and other parts of the world
where the earthquake threat is greater than that
perceived by the general public.

In 2013, encouraged by legislators representing
coastal communities, state agencies convened a
different set of meetings to address the question: what
is the cost of doing nothing, or of taking only modest
steps? The meetings included engineers, emergency
managers, scientists, planners, political leaders, and
members of the general public. These meetings led to
appraisals of our area’s resilience against the next
subduction-zone earthquake. The results were
published by the Cascadia Regional Earthquake
Workgroup (CREW, 2013) and by the geological surveys
of British Columbia, Oregon, and Washington.

This analysis showed that the costs of doing little or
nothing would be catastrophic, with tens of thousands
of deaths and many billions of dollars in damages. Areas
struck by the next Cascadia earthquake would be
devastated to the extent that some parts, particularly
coastal regions, could take as long as a generation to
recover. This would be a catastrophe unmatched in the
history of the United States or Canada.

A major purpose of this book is to alert enough
people so that this doomsday scenario doesn't happen.
You, the reader, must be part of the solution.

We cannot prevent earthquakes, but we can learn to
live with them and to survive them. When the inevitable
earthquake strikes, we can be ready.
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But today, we are not.

Suggestions for Further Reading

Cascadia Regional Earthquake Workgroup, 2013,
Cascadia Subduction Zone earthquakes: A magnitude
9.0 earthquake scenario and update, 2013, 23 p. Also
available as Washington Division of Geology and
Earth Resources Information Circular 116, Oregon
Department of Geology and Mineral Industries
Open-File Report 0O-13-22, and British Columba
Geological Survey Information Circular 2013-3.
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PART 11

PART II: TECTONIC
PLATES, GEOLOGIC
TIME, AND
EARTHQUAKES

No one doubts that the Earth is the most hospitable
planet in the solar system. We have a breathable
atmosphere, and the temperature, as Goldilocks said
about the porridge, is “just right.” Venus is too hot,
Mars is too cold, and the Moon and Mercury have no
atmosphere at all to speak of.

But in terms of earthquakes, the other planets could
be considered safer places to live than the Earth. That’s
because the Earth’s outer shell is broken up into great
slabs called plates that jostle and grind against one
another like huge ice floes. In the process, all that
crunching between plates forces parts of the crust up
to create mountains, causing earthquakes in the
process. In contrast, the crust of the other inner
planets consists entirely of massive rock that
experienced most of its mountain-building activity
billions of years ago, soon after the planets were
formed. Now the crustal movements on these planets
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have been stilled. There is no grinding of plates against
one another to cause them to shake.

But the Earth has active volcanoes and earthquakes,
which are geologic phenomena, and to understand
them we need a brief introduction to their geologic
setting. This requires us to stretch our minds to think
about moving masses of rock that are extremely large,
many tens of miles thick and hundreds of miles wide.
We also must think of great lengths of time. Just as
an astronomer asks us to think of great distances of
hundreds of billions of miles, a geologist asks us to think
about thousands, even millions of years. An earthquake
may happen in less than thirty seconds, but it is a
response to the slow motion of massive tectonic plates
on the surface of the Earth, building up strain over
many thousands of years.

How do we study earthquakes? We can see the
effects of past earthquakes in fault ruptures on the
Earth’s surface. We can learn about earthquakes as they
happen by the squiggles they make on a seismograph
record. We can think about future earthquakes by
measuring the slow buildup of tectonic strain in the
Earth, using orbiting satellites and the Global
Positioning System (GPS).
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1. A Concept of Time

“What is time? The shadow on the dial, the
striking of the clock, the running of the sand, day
and night, summer and winter, months, years,
centuries—these are but arbitrary and outward
signs, the measure of time, not time itself.

Henry Wadsworth Longfellow, Hyperion

“All moons, all years, all days, all winds, take
their course and pass away.”
Mayan proverb

The Earth’s crust seems pretty quiet most of the time.
Although we now know that the Puget Sound region is
seismically active, you and I can drive from Portland,
Oregon, to Vancouver, B.C., along Interstate 5 and never
feel an earthquake.

I was a graduate student at the University of
Washington in the 1950s, and I never thought about
earthquakes. If I had arrived in Seattle a half-dozen
years earlier, I would have experienced a magnitude 7.1
earthquake in 1949 that did a lot of damage and caused
loss of life. And if I had stuck around a few years longer,
I would have been shaken by the Seattle Earthquake
of 1965, which produced more damage and fatalities.
Even though I didn't feel anything during the short time
I lived in Seattle, the Seattle area was experiencing
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normal seismic activity during that time. Modern
seismicity maps of the Puget Sound show lots of black
dots, although most identify earthquakes that are too
small to be felt by anything other than sensitive
seismographs.

How long is a long time to a geologist? Look at Table
1, which shows a series of time scales, each
encompassing a longer period of time than the last.
The first scale is historical, the time of recordkeeping,
starting with the arrival of Western explorers two
centuries ago. The next two scales are in thousands
rather than hundreds of years; the written history of
the Pacific Northwest spans only a brief part of the
Late Quaternary time scale. The Late Cenozoic scale is
in millions of years, and the Older Earth History scale
covers four and a half billion years.

OK, I'm a geologist, and I am supposed to think in
these great lengths of time. But I still consider it a long
time when I'm stuck in traffic on Interstate 5. When 1
was growing up, I thought it was an unacceptably long
time until Christmas or my birthday. You may agree that
it is a very long time before you graduate from college,
or get your kids raised, or retire, and so it is probably
tough to envision even the two hundred years people
have been keeping records in the Northwest.

Now that I am older, I have learned to take a
somewhat longer view of time (except when I'm stuck
on the freeway). I knew both my grandfathers, who told
me stories about the horse-and-buggy days. I enjoy
reading about the early settlers in the Willamette Valley

12 | Robert S. Yeats



and Puget Sound 150 years ago, and that, to me, seems
an unbelievably long time ago.

But in fact, our recorded history in the Northwest
(Historical Time Scale, Table 1) is short. The stretch of
the coast from Alaska to California was the last region
of the Pacific Rim to receive settlers willing to record
their history, a fact that will become significant when
we consider the great Cascadia Earthquake of A.D. 1700.

Spanish explorers reached the southern Oregon
coast around A.D. 1600, and a Greek adventurer, loannis
Phokas, known by his name in Spanish, Juan de Fuca,
may or may not have discovered the strait that bears
his name. Captain George Vancouver and Spanish sea
captains visited Puget Sound in the late 1700s, followed
by Meriwether Lewis and William Clark, who arrived for
a winter layover in 1806, complained about the rain, and
went home. But they did blaze the trail, and fur traders
set up posts at Fort Vancouver and Astoria. Soon after,
many settlers from the eastern United States came to
Oregon (which, as the Oregon Territory, included at
that time most of the Pacific Northwest south of
Canada). New towns were established west of the
Cascade Mountains, and along with towns and farms,
people built roads, established land claims, and started
newspapers. By the 1840s, less than two centuries ago,
people were keeping written records more or less
continuously throughout the area west of the Cascades.
This means that we know only that the Pacific
Northwest has been free of great earthquakes since
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that time. To a geologist, that is not a very long time,
not at all.

Native Americans were here long before that, of
course, but they did not keep written records. Their
rich oral traditions are another matter, though, and
some of their stories document great earthquakes and
earthquake-induced waves from the sea.

To a geologist, two centuries is like the blinking of
an eye. The Earth is more than four and a half billion
years old. The evidence from the rocks shows that the
Pacific Northwest is much younger than that, and only
in northeastern Washington and adjacent Idaho and
British Columbia do we find rocks that are more than
a billion years old. Most of the rocks in western
Washington and Oregon are less than sixty million
years old. But that is still an incredibly long time. A
geologist can easily talk about sixty million years, but
it is just as hard for a geologist to imagine such a long
period of time as it is for anybody else.

If the length of time that geologic processes have
operated in the Northwest is unimaginably long, the
rates of these processes are incredibly slow, about as
fast as your fingernails grow.
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Table 1. Time Scales

HISTORICAL

2000

1980

1960

1940

1914-18

1900

1880

1860

1840

1820

1800

1780

1700

1600

Age of computers, logging cutbacks, decline in
state services, increased population, Nisqually
Earthquake in 2001

Mt. St. Helens erupted. Space exploration and
men on the Moon; Vietnam War

U.S. interstate highway network. End of World
War II atmospheric testing of nuclear weapons

Roaring Twenties followed by the Great
Depression and World War 11

World War I

Extensive logging and development of farmland;
autos replaced horses

Development of rail network

U.S. Civil War; present U.S.-Canada border
established after the Pig War in the San Juan
Islands

Pioneers headed west to Oregon; settlement of
Willamette Valley, Puget Lowland, Fraser Delta,
southern Vancouver Island, newspapers
established

Astoria and Fort Vancouver fur trade centers
established

Native Americans were in charge, but left no
written records. Lewis and Clark expedition began
great westward migration

Explorers reached coasts of British Columbia,
Washington, and Oregon

Cascadia Subduction Zone Earthquake recorded
by tsunami in Japan

Spanish explorers reached southern Oregon coast
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LATE PREHISTORIC

2000 Today. Last great subduction-zone earthquake
Jan. 26, 1700

Columbus discovered America but not the Pacific
1500
Northwest

Large earthquake(s) on Seattle Fault around A.D.
1000 ¢59

Three subduction-zone earthquakes between A.D.
500 500 and 1000. Long interval with no earthquakes
between B.C. 500 and A.D.500

LATE QUATERNARY

B.P., which used to mean “Before the Present” before
nuclear fallout messed up our dating scales, now means
“Before A.D. 1950”

AD.

5000  roday.
5000 Same as B.C. 3000; 5,000 years before A.D. 1950.
B P Sea level approached present position; Mt.
o Mazama erupted to form Crater Lake
End of Pleistocene and beginning of Holocene. Sea
11700 level rising. Eighteen subduction-zone

earthquakes during the Holocene. Great Missoula
floods 15,000 to 12,000 years ago

15,000 Ice caps retreating and sea level rising rapidly

Glacial ice as far south as Olympia and Spokane,
20,000 Washington; shorelines nearly 400 feet lower than

today

LATE CENOZOIC (Age, in thousands of years)

0 Today. Sea level is 20 feet lower today than
124,000 years ago

500,000 years. Several ice advances and retreats.
500 Earth’s magnetic field reversed at 780,000 years;
previously, compass needle pointed south
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1,000  More glacial advances and retreats
2,600 Beginning of Pleistocene 2,600,000 years ago
2,000 Pliocene Epoch

First major ice age started about 2,400,000 years
2,500 ago. Still in the Pliocene, which started about
5,300,000 years ago

OLDER EARTH HISTORY (Age, in millions of years)
0 Today
2.4 Beginning of Ice Ages

15-17  Great eruptions of Columbia River Basalt

66 Asteroid slammed into southern Mexico,
dinosaurs became extinct
Greatest mass extinction in the history of the
245 Earth

570 Beginning of trilobites and shelly fossils
4,570  Age of the Earth, 4,570,000,000 years

When 1 talk about the motion of the oceanic plate
northeastward toward Oregon, Washington, and
Vancouver Island, and I say that the motion is a little
more than an inch and a half per year, I sometimes lose
my audience. Here we're talking about increasing the
speed limit on Oregon freeways, and this guy is worried
about speeds of an inch and a half a year? Give us a
break! But this rate is faster than the rate of a little
more than an inch per year at which coastal California
is grinding past the rest of North America on the San
Andreas Fault. Even with that slow rate of travel, the
San Andreas Fault has had great earthquakes in 1812,
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1857, and 1906. If you continue this slip rate for five
million years, coastal California will move northwest
more than eighty miles. Keep that up long enough,
and—hold your breath—Los Angeles will become part of
the Pacific Northwest!

Let’s suppose that one gigantic earthquake ruptured
the entire Cascadia Subduction Zone in 1700 AD, prior
to the start of record keeping in the region, and caused
displacement of 65 feet, which many scientists believe
is possible. And let’s suppose also that this earthquake
relieved all the strain that had been slowly building up
at a rate of 1.6 inches per year. Dividing 1.6 inches per
year into 65 feet, you find that it would take almost
five hundred years for the crust to recover that strain,
so that the subduction zone could rupture again in the
next earthquake. Now that’s a long time, about two
and a half times our recorded history in the Pacific
Northwest since the expedition of Lewis and Clark.

But we've already used up more than two hundred
years of recorded history with no monster earthquake,
and, as will be shown below, there is geologic evidence
from Brian Atwater’s subsided marshes and historical
evidence from a tsunami in Japan in 1700 AD that we
have already used up more than three hundred years.
Should we forget about it, inasmuch as we still might
have two hundred years to go?

Unfortunately not, because the repeat time of
earthquakes can be highly variable. In southern
California, a section of the San Andreas Fault ruptured
in 1812 and again in 1857, just forty-five years later. Yet
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more than one hundred and fifty years have gone by
without another major earthquake along that same
section of the fault. The sourthernmost part of the San
Andreas fault has not had a major rupture in more than
300 years. The Cascadia Subduction Zone could have
much longer than two hundred years to go, or we could
have the next great Cascadia earthquake much sooner,
maybe in our lifetime, maybe tomorrow.

Another reason that we can't laugh at 1.6 inches per
year is the massive amount of rock that is building up
strain. The oceanic slab that is forcing its way under the
edge of the North American continent is about 40 miles
thick and 740 miles long, extending from Vancouver
Island to northern California. So, even though the
movement rate is slow, the bodies of rock that are being
strained are titanic in size.

Because the times for geologic processes to work
are so ponderously long, geologists have devised time
scales (see Table 1), analogous, perhaps, to historians
referring to the Middle Ages or the Renaissance. At first,
this was done using fossils, because organisms have
changed through time by evolution, and distinctive
shells or bones of species that had become extinct were
used to characterize specific time intervals called
periods and epochs. In the past few decades, it has
become possible to date rocks directly, based on the
extremely regular rate of decay of certain radioactive
isotopes of elements such as uranium. These atomic
clocks enable us to date the age of the Earth at about
four and a half billion years and, in addition, to date the
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age of trilobites, of dinosaurs, and of other dominant
groups of organisms that are now extinct.

In our study of earthquakes, we do not need to be
concerned about most of the geologic periods and
epochs, including the ages of trilobites and dinosaurs.
We do need to know about those times when the
geologic processes that produce today’s earthquakes
have been operating: the Tertiary and Quaternary
periods, together known as the Cenozoic Era. We need
to know something about the geologic history of the
later part of the Tertiary Period, but we are most
concerned about the Quaternary, which started 2.6
million years ago (Table 1). We divide the Quaternary
into the Pleistocene and the Holocene epochs, with
the boundary between the two dated at about eleven
thousand years ago. The Pleistocene Epoch, covering
most of the Ice Ages, saw much of the evolution of
human beings, as well as saber-tooth tigers, mastodons,
and great cave bears.

But it is the Holocene, the last 11,700 years, that
concerns us most. During the latest Pleistocene and
early Holocene, the great ice caps of North America
and Europe melted away, and the addition of all that
meltwater to the world’s oceans caused sea level to rise
hundreds of feet. During the last half of the Holocene,
civilizations arose in Mesopotamia, Egypt, and China,
and written records began to be kept.

If geologists can show that a fault sustained an
earthquake during the Holocene, it is placed in a special
category of hazard. If it ruptured that recently, it is
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likely to rupture again, and it is called an active fault.
This classification based on the time of most recent
activity is written into law in some states and into
regulations by federal agencies such as the U.S. Nuclear
Regulatory Commission and the U.S. Army Corps of
Engineers.

To learn the age of an earthquake, we have written
records only for the last part of the Holocene, and for
the Pacific Northwest, the historical record only
slightly longer than two hundred years. But we can
use one of the nuclear clocks to date formerly living
organisms for the last twenty to thirty thousand years.
This is radiocarbon dating, based on the natural decay
of a radioactive isotope of carbon (carbon 14) into stable
carbon (carbon 12). Carbon 14 starts off as ordinary
nitrogen, which makes up the greater part of the
atmosphere. The stable isotope of nitrogen, nitrogen
14, is bombarded by cosmic rays from outer space,
changing it to carbon 14, which is radioactive and
unstable. Organisms, including you and I, take up both
the radioactive and stable isotopes of carbon in the
same proportions as in the atmosphere. After the
organism dies, carbon 14 decays to carbon 12 at a
precise rate, so that half of the carbon 14 is gone in
5,730 years. In another 5,730 years, half of what'’s left
decays to carbon 12, and half of that decays in another
5,730 years, until finally there is too little radioactive
carbon 14 to measure. We say that 5,730 years is the
half-life of the radioactive decay of carbon 14 to carbon
12.
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Unfortunately, the radiocarbon clock is not as precise
as we would like. Radiocarbon dating cannot get us to
the exact year, but only to within a few decades of the
actual age. An example of a radiocarbon age is 5,300 =+
60 radiocarbon years, an expression of the laboratory
precision in counting the atoms of carbon 14 relative
to carbon 12. Radiocarbon years are not the same as
“calendar” years because the cosmic radiation that
creates carbon 14 is not constant, but has changed over
the years. Minze Stuiver and his colleagues at the
University of Washington designed a conversion scale
that changes radiocarbon years to calendar years, and
in most reports today, this conversion has already been
made, using a computer program. A radiocarbon age or
a calendar age of, say, 5,300 years is stated as 5,300
years B.P., meaning Before Present. But “Present” is not
really today, because the atmospheric fallout from
nuclear weapons testing after World War II completely
messed up our dating. To get around that, we refer to
“present” as A.D. 1950.

In addition, the geologist or archaeologist must
ensure that the carbon sample being dated (charcoal,
shell fragment, bone fragment) is the same age as the
deposit in which it is found. The charcoal in a deposit
may have been washed in from a dead tree that is
hundreds of years older. Or the charcoal may be part
of a root from a much younger tree that grew and died
long after the deposit was buried by other sediment.

Finally, the ratio of carbon 14 to carbon 12 in lakes
and in parts of the ocean may not be the same as it
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is in the atmosphere. To accurately date the remains
of organisms that died in these environments, it is
necessary to figure out what the carbon isotope ratios
are under these conditions and make a reservoir
correction.

To conclude our discussion of time, we need to think
of earthquakes in two ways. On the one hand, an
earthquake takes place in a matter of seconds, almost
(but not quite) instantaneously. But on the other hand,
an earthquake marks the release of strain that has built
up over periods of hundreds, thousands, even tens of
thousands of years. We use radiocarbon dating to learn
how long it has taken strain to build up enough to break
a large mass of rock in an earthquake over the last thirty
thousand years. We can also use tree rings to determine
within one year when a particular tree growing in a
coastal forest was suddenly buried below sea level.

To understand the earthquake hazard, it is not
enough to figure out what will happen in a future
earthquake. To make progress in forecasting
earthquakes, we need to know how long it takes a fault
to build up enough strain to rupture in an earthquake,
and how large that earthquake is likely to be. When?
Where? How big? On the answers to those questions
rests our ability to respond to the earthquake danger
and to survive it.
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». Plate Tectonics

“Plate motions have built the topography that has
induced the weather that has brought the fire
that has prepared the topography for city-
wrecking flows of rock debris. Plate motions are
benign, fatal, eternal, causal, beneficial, ruinous,
continual, and inevitable.”
John McPhee, 1994, New Yorker
after the Northridge Earthquake

1. The Earth’s Crust: Not Very Well
Designed

As an engineered structure, the Earth’s crust is not up
to code. From time to time, its design problems cause
it to fail, and the result is an earthquake.

The principal cause of crustal weakness is
geothermal heat. Isotopes of radioactive elements
within the Earth decay to other isotopes, producing
heat that is trapped beneath the surface. Because of
this trapped heat, the crust is warmer with increasing
depth, as anyone knows who has ever descended into a
deep mine. Geothermal heat warms the City of
Klamath Falls, Oregon, heats the hot springs of the
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Pacific Northwest, and, on rare occasion, causes the
eruption of great volcanoes like Mt. St. Helens.

Just as iron becomes malleable in a blast furnace, or
hot silica glass becomes soft enough for a glassblower
to produce beautiful bowls, rock becomes weak, like
saltwater taffy, when the temperature gets high
enough (Figure 2-1). Rock that is soft and weak under
these conditions is said to be ductile. At lower
temperatures, rock is brittle, meaning it deforms by
shattering, accompanied by earthquakes.

Increased temperature tends to weaken rock, but, on
the other hand, increased pressure tends to strengthen
it. With increasing depth, rock is subjected to
conditions that work in opposite directions. The
strengthening effect of increased pressure dominates
at low temperatures within ten to twenty miles of the
Earth’s surface, whereas the weakening effect of higher
temperature kicks in rather abruptly at greater depth,
depending on the type of rock. The strength of rock,
then, increases gradually with increasing depth, and
the strongest rock is found just above the depth where
temperature weakening takes over (Figure 2-1), a depth
called the brittle-ductile transition.

Think about a bridge with a layer of asphalt and
concrete overlying a framework of strong steel. If the
bridge collapses, it will be because the steel frame fails,
not the weaker layers of concrete or asphalt on top. So
it is with the Earth’s crust. The crust fails when its
strongest layer breaks, just above the brittle-ductile
transition where temperature begins to weaken its
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minerals. Earthquakes tend to originate in this
strongest layer. When this layer fails, shallower and
deeper rock fails, too.

WEAKER STRONGER WEAKER STRONGER
0

0

Moho

10 10

20 20

30 30

DEPTH (MILES)
DEPTH (MILES)

40

40

50 50

60 60

Figure 2-1. Strength of continental lithosphere (crust and upper
mantle, above right) compared to oceanic lithosphere (above
left). As rocks get buried, they get hotter due to the Earth’s
geothermal gradient. They also get stronger—down to a point,
where temperature takes over, and they abruptly get weaker, at
a level called the brittle-ductile transition. The Mohorovic¢i¢
discontinuity (Moho for short) marks the boundary between the
crust, made up of granite and basalt, and the mantle, made up
of peridotite. Temperature softens granite at a much shallower
depth than peridotite, so that the lower continental crust is a
soft, squishy layer between the brittle upper crust and the
brittle upper mantle. Earthquakes are limited to the brittle
layers of continental crust, and they tend to nucleate where the
crust is strongest, just above the brittle-ductile transition to
soft, plastic lower crust below. For oceanic lithosphere, the
Moho is so shallow that there is no soft layer. The hard
lithosphere makes up the tectonic plates. The base of the
lithosphere is where peridotite in the mantle becomes soft at
high temperature. The soft stuff beneath is the asthenosphere.
From Yeats et al. (1997), with permission
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2. Continents and Ocean Basins

Unlike the other inner planets, the surface of the Earth
is at two predominant levels, one averaging 2,750 feet
(840 m) above sea level, making up the continents,
where we all live, and the other averaging 12,100 feet
(3,700 m) below sea level, making up the ocean basins
(Figure 2-2). If you were able to look at the Earth with
the water removed, the continents, together with their
submerged continental shelves, would appear as
gigantic plateaus, with steep slopes down to the ocean
basins below (Figure 2-3a, b, 2-4). With the seawater
removed, the dry land of the North American continent
would appear as a high plateau relative to the deep-sea
floor.

Figure 2-3a shows the Earth with the water removed.
Continents are large plateaus above sea level, and ocean
basins, in blue, show oceanic spreading centers in very
light blue and trenches, marking subduction zones, in
very dark blue. Figure 3b shows the Earth divided into
tectonic plates, with subduction zones marked by heavy
black lines and ocean spreading centers by narrower
lines. Large earthquakes are shown as red dots. Note
the Pacific Ring of Fire. Figure 2-4 shows the Gorda
Plate with the water removed, with narrow lines
marking the present and former position of the Gorda
spreading center. Most earthquake energy is released
along these plate boundaries, although the spreading
centers are also marked by earthquakes (Figure 2-5).
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Figure 2-2. Cross section of oceanic crust (left) and continental
crust (center and right). Continent is composed of granitic rock
which is lighter, thicker, and more buoyant than oceanic crust,
which is underlain by heavier basaltic rock. Both continental
and oceanic crust overlie the mantle, composed of peridotite.
The top of the mantle is the Moho. The continent stands high
with respect to the ocean basin, and for it to be in balance, it’s
underlain by a deep root of lighter crust. Mountain ranges
stand above the continent and are underlain by still deeper
roots. From Yeats et al. (1997), with permission

Imagine yourself flying northward along the northern
California coast with all the seawater removed (Figure
2-4). You would look westward from the Oregon and
northern California Coast Range to a narrow
continental shelf, which, indeed, was dry land at the
height of the ice ages when sea level was nearly four
hundred feet lower than it is today. Beyond that, the
land slopes downward for thousands of feet to the
present deep ocean floor, part of the Gorda Plate
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(Figure 2-6). North of the Columbia River, the deep
slope off the coast of Washington is cut by a series of
twisting canyons rivaling the Grand Canyon in size.
The Strait of Juan de Fuca is a broad valley separating
the Olympic Peninsula from Vancouver Island, which is
itself connected to the mainland by a series of islands.
Puget Sound is another valley, similar to the
Willamette Valley. But it is the steep slope between the
continental shelf and the deep ocean floor that
dominates the scene. It's as though people living on the
Pacific coast were in Tibet, looking down to the plains
of India far below (figures 2-3a, 2-4).

The reason for the different levels is that the
continents and ocean basins are made up of different
kinds of rock. Continental rocks are rich in the light-
colored minerals quartz and feldspar, which combine
to make up the principal kind of rock in the continent,
which is granite (Figure 2-2). You can find good
exposures of light-colored granitic rocks in the Coast
Mountains of British Columbia, the North Cascades of
Washington, including the Alpine Lakes Wilderness
Area east of Seattle, the Wallowa Mountains of Oregon,
and the Sierra Nevada of California (which John Muir,
because of their light color, called “The Mountains of
Light”).

Ocean-basin rock, on the other hand, is
predominantly basalt, which contains the light-colored
mineral feldspar but is dark brown to black, because its
color is dominated by dark minerals like pyroxene and
magnetite. The mountains on the east side of the
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Olympic Peninsula, visible from Seattle on a clear day,
are composed of basalt, with most of it deposited on an
ancient ocean floor about fifty-five million years ago.
Basalt lava flows also characterize the Columbia
Plateau and Columbia Gorge, although these rocks
were formed on the continent, not in an ocean basin.
Basaltic rocks are common on other planets, whereas
continental granitic rocks are not.

A third type of rock called peridotite underlies both
the continents and the ocean basins, and this is made
up of dense minerals such as pyroxene and olivine.
This dark rock has no feldspar and thus it is heavier
than either basalt or granite. Peridotite is also brittle
and strong at much higher temperatures than either
basalt or granite, a fact that will become significant
when we consider in Chapter 5 the environment of
deep earthquakes beneath the Puget Sound region.

Peridotite does not form naturally at the Earth’s
surface. It is found at the surface only in special
circumstances where great tectonic forces have raised
it up to view. As it comes to the surface, it absorbs
water, and the green streaky rock that results is called
serpentine, which has been designated the state rock
of California. Serpentine and peridotite are found at
various places in the North Cascades of Washington,
the Blue Mountains of Oregon, and the Klamath
Mountains of Oregon and northern California. From a
distance, terrain underlain by peridotite or serpentine
may appear a weathered reddish brown, and it does
not support as much vegetation as other types of rock.
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The Twin Sisters range east of Bellingham,
Washington, is made up almost entirely of olivine, one
of the minerals in peridotite, and the mountains south
and west of Mt. Stuart, in the North Cascades north of
Ellensburg, Washington, are made up of peridotite.

During the four and a half billion years of Earth
history, convection currents sweeping at extremely
slow speeds through the Earth’s interior have resulted
in the gradual accumulation of granite and basalt near
the surface, much like scum floating on the top of a
large pot of slowly boiling soup. Granite and basalt
float on top because they are lower in density than
peridotite.

Basalt and granite make up the crust, and the
underlying heavy peridotite makes up the mantle,
which extends all the way down to the top of the
molten outer core of the Earth at 1,800 miles (2,900
kilometers) depth. The boundary between the crust
and the mantle is called the Moho (Figures 2-1 and 2-2),
shorthand for the name of the Croatian seismologist,
Andrija Mohorovici¢, who discovered it in 1909. The
Moho beneath the continents is commonly at depths of
20 to 40 miles (35 to 70 kilometers), deepest beneath
mountain ranges, whereas the Moho beneath ocean
basins may be no more than 6 miles beneath the sea
floor.

The continents, made up of granite, which has
relatively low density, stand higher than the ocean
basins underlain by basalt and peridotite for the same
reason that icebergs float on the ocean, or ice cubes
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float in a glass of ice tea. And if you look at the ice
cubes in your tea, you will see that there is quite a lot
of ice below the surface of the tea. This ice of lower
density beneath the surface balances and buoys up the
ice that sticks up above the water. For the same
reason, the granitic crust of the continents extends to
depths in the Earth much greater than the basaltic
crust of the ocean basins (Figure 2-2). The basaltic
crust beneath ocean basins is relatively thin, and its
relation to the mantle is more like the water freezing
on the surface of a pond.

But how can we use ice and water as a comparison
with solid rock? Water is a liquid, and the crust and
mantle are solids.

This comparison is valid for two reasons. First, rock
at great depth is weak because it is subjected to blast-
furnace temperatures beneath the brittle-ductile
transition. Second, the tectonic processes that cause
continents to rise above ocean basins are extremely
slow. We know from experiments that if the
temperature is high enough, rock can flow as a solid,
although it does so very slowly, fractions of an inch per
year. This process, well known in metalworking, is
called hot creep.

We have seen that earthquakes occur in the brittle
upper crust, but not in the hot, plastic lower crust
which is too weak to store strain energy that could be
released as earthquakes. The reason for this is the
abundance in the crust of the light-colored minerals
quartz and feldspar, minerals that become soft and
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weak at relatively low temperature, about 575° F. For
this reason, the upper crust beneath the continents is
strong, but the lower crust is soft and weak. Oceanic
crust, on the other hand, is so thin (Figure 2-2) that all
of it is strong, and so is the upper mantle. Peridotite,
the rock of the mantle, is made up of olivine and
pyroxene, minerals that are still very strong at
temperatures that prevail below the Moho, as high as
1,400-1,500°F. These temperatures are reached at
depths that may be as much as sixty miles (one
hundred kilometers).

The part of the outer Earth that is brittle and strong
is called the lithosphere, and the weak part below is
called the asthenosphere. Beneath the ocean basins, the
lithosphere includes the thin crust and part of the
upper mantle. Beneath the continents, the upper crust
is brittle, but the lower crust is not. Below the Moho,
the upper mantle may also be brittle and form the
lowest layer of continental lithosphere. So the
continental crust can be compared to peanut butter
between two crackers; both crackers are crunchy
(brittle), but the peanut butter is soft (ductile lower
crust). For oceanic lithosphere, you don’t have any
peanut butter, and the crunchy cracker is a lot thicker.

The flow of solid rock in the asthenosphere
produces strain in the strong lithosphere. It is the
response of the lithosphere to this strain that causes
earthquakes. All earthquakes occur within the
lithosphere, including slabs of oceanic lithosphere that
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have been forced downward hundreds of miles into the
asthenosphere.

3. The Dance of the Plates:
We Know the Beat, but Not the Tune

The dominant cause of the tectonic activity that takes
place at the Earth’s surface is the extremely slow flow
of rock in the mantle that is solid, yet ductile. This
leads us now to a discussion of plate tectonics.

We would have no earthquake problem if the
lithosphere, 60 miles thick, completely encircled the
Earth without any breaks, as it does on the other inner
planets. Unfortunately, though, the 60-mile thickness
of the lithosphere on the “third rock from the sun” is
not enough to withstand the stresses coming from the
slow, roiling currents of the asthenosphere below. The
lithosphere is broken up into gigantic tectonic plates
(Figure 2-3a, 2-3b, 2-4) that grind against one another,
producing earthquakes and volcanic eruptions in the
process. Most of these plates are of continental size.
The Pacific Northwest is part of the North American
Plate, which extends all the way across the United
States and Canada to the middle of the Atlantic Ocean
(Fig. 2-3b). Most of the Pacific Ocean is underlain by
the Pacific Plate, the world’s largest, which reaches to
Alaska, Japan, and New Zealand (figure 2-3b). Other
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plates are smaller, like the Juan de Fuca Plate off the
Pacific Northwest coast, which is a little smaller than
Washington and Oregon taken together (Fig. 2-4Db).

Figure 2-3a. World map with oceans removed. Ocean floor in
shades of blue; lightest bands show oceanic spreading centers
(Mid-Atlantic Ridge, East Pacific Rise) and very dark bands
show trenches, the boundaries of subduction zones. Light band
at west edge of North America locates continental slope, at base
of which is Cascadia Subduction Zone.
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Figure 2-3b. Earth’s surface divided into tectonic plates.
Thickest boundaries: subduction zones; thinner lines: spreading
centers. Red dots locate active volcanoes, largest adjacent to
subduction zones. Note location of Ring of Fire, of which
Cascadia (open rectangle) is a part.

Running down the center of the floor of the Atlantic
Ocean, like the seam on a baseball, the Mid-Atlantic
Ridge (Figures 2-3a, b) is formed by the upwelling of
hot material from the asthenosphere, which broke up
the granite supercontinent of Pangea, starting about
one hundred and eighty million years ago. North and
South America, fragments of Pangea, sailed away from
Africa and Eurasia like great granitic ice floes in a
basaltic sea, and the deep Atlantic Ocean floor of
basalt began to grow in the widening rift welling up
between the continents. The Atlantic Ocean Basin is
still widening at a rate slightly less than an inch per
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year. The Mid-Atlantic Ridge is a ridge (lighter blue,
Figure 2-3a) because the newly formed oceanic
lithosphere is hotter and thus lighter and more
buoyant than older oceanic lithosphere closer to the
continents. There are hot springs along the ridge,
called black smokers (first discovered by marine
scientists from OSU), and new basaltic lava flows erupt
on the ocean floor at the ridge. All of the ocean floor of
the Atlantic has been created as basaltic lava in the
past one hundred and eighty million years.
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Figure 2-4. A sonar image of Gorda Plate, in which lines
represent former positions of the Gorda Ridge spreading center,
the current location of which is at the lower left. At bottom,
east-west ridge is Mendocino Fracture Zone (FZ) between
Gorda and Pacific plates. At upper left is Blanco Fracture Zone.
Cascadia Subduction Zone is at far right, between Gorda Plate
and North American Plate. Circles (beach balls) represent
fault-plane solutions, described in Chapter 3; see Fig. 3-19. B.
Plate tectonic map of Cascadia. C. Dots locate
microearthquakes measured by seismographs and hydrophone
arrays.

There is also a ridge in the Pacific Ocean called the
East Pacific Rise, but this ridge is not at the center of
the ocean, like the Mid-Atlantic Ridge. Instead, it lies
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toward the eastern margin of the Pacific (Figures 2-3a,
b). But its origin is the same: oceanic crust rises to the
surface and solidifies at the East Pacific Rise, then it
moves away to the east and west. That part moving
toward the west becomes part of the great Pacific
Plate. That part moving toward the east becomes part
of several smaller plates off the west coast of North
and South America, including the Juan de Fuca Plate
off the Pacific Northwest (Figure 2-4b, 2-6), and the
Cocos Plate off Mexico and Central America (Figure
2-3b). These plates drive against and beneath the
American continents.

But if new crust is being made, then old crust must
be destroyed at the same rate somewhere else,
because the Earth has remained the same size through
time. The destruction of crust takes place at
subduction zones, where oceanic lithosphere sinks
down into the asthenosphere. Most subduction zones
are found around the edges of the Pacific Ocean,
which leads to the name Pacific Ring of Fire (Figure
2-3b) because of the abundance of active volcanoes
and earthquakes, including the largest earthquakes
experienced on Earth. The greatest depths in the
oceans, nearly seven miles, are found in deep-sea
trenches in the western Pacific (Figure 2-4, 2-5), where
oceanic lithosphere is being subducted beneath the
Philippines and beneath the Marianas Islands and the
island of Guam. Volcanoes are erupted through the
lithosphere of the plate on top.

One of these subduction zones, the Cascadia
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Subduction Zone, lies off the Pacific Northwest,
including northern California, where the Juan de Fuca,
Gorda, and Explorer plates are being driven beneath
the North American continent (Figures 2-4, 2-5, 2-6).
Mt. Baker, Mt. Rainier, Mt. St. Helens, Mt. Hood, Mt.
Shasta, and Mt. Lassen are products of the subduction
of the Juan de Fuca and Gorda plates. The Cascadia
Subduction Zone is discussed further in Chapter 4.

At some plate boundaries, lithosphere is neither
created at a mid-ocean ridge nor destroyed at a
subduction zone. Instead, two plates crunch and grind
past each other, producing earthquakes in the process.
These boundaries are called transform faults, and on
the ocean floor, they are called fracture zones. The best
known transform fault on Earth is the San Andreas
Fault of California (lower right corner of Figure 2-4b,
Figure 2-6), where the Pacific and North American
plates grate past each other. Off the Pacific Northwest,
part of the boundary between the Juan de Fuca-Gorda
and Pacific plates is the Blanco Fracture Zone,
separating the Gorda and Juan de Fuca ridges (Figures
2-4c, 2-6, 2-7). Both the San Andreas Fault and the
Blanco Fracture Zone are major sources of
earthquakes.

Scientists are able to determine the rates at which
the plates move with respect to one another. This is
done by observing changes in the Earth’s magnetic
field preserved in oceanic crust (Figure 2-6) and by
drilling core holes in the deep-ocean floor to
determine the age of the oldest sediment overlying the
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basaltic crust in various parts of the oceans. In the last
few years, these rates have been confirmed by direct
measurements using space satellites through the
Global Positioning System (GPS) and by the relative
motion of radio telescopes with respect to quasar
signals from outermost space (discussed further in
Chapter 3). All our information about relative plate
motion can be fed into a computer model that tells us
the motion of any given plate with respect to any
other. We can even predict with some confidence the
plate configuration of the Earth millions of years from
now, which allows us to forecast that coastal
California, including Los Angeles, is moving slowly but
inexorably toward Alaska (video, Fig. 2-8).

However, we have no underlying theory that explains
why the plates move as they do, which leads to our
description of the dance of the plates: we know the
beat, but we don't know the tune.
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Figure 2-5. World map of seismicity, showing larger
earthquakes. Most (but not all) earthquakes follow plate
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earthquake focal depths: green for depths 70-300 kilometers,
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Near the tiny settlement of Petrolia in northern
California, the Pacific, North America, and Gorda
plates come together in a seismically active place
called the Mendocino Triple Junction (Fig. 2-7). North of
the triple junction, the Gorda Plate is driving beneath
the North American continent (Figures 2-4 and 2-8).
Southeast of the junction, North America is sliding
southeast against the Pacific Plate along the San
Andreas Transform Fault. West of the junction, the
Pacific Plate is sliding westward against the Gorda
Plate along an oceanic transform fault called the
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Mendocino Fracture Zone (Figures 2-4, 2-6, and 2-7).
We know the rates at which these processes are taking
place, and so we can reconstruct the plate tectonic
history of western North America backward for the
past thirty million years.

4. A Brief Thirty-Million-Year History
of Western North America

Using sophisticated computer models, it is fairly
straightforward to work out the plate-tectonic history
of the Earth for hundreds of millions of years. This is
illustrated in five stages in Figure 2-7, based on a
copyrighted video created by Prof. Tanya Atwater of
the University of California Santa Barbara through its
Educational Multimedia Visualization Center and
shown here as Figure 2-8. For an explanation in greater
depth, see Atwater (1989).

What did the Pacific Northwest look like thirty
million years ago?
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Figure 2-6a. Plate tectonics of the Pacific Northwest. Oceanic
crust is formed at the Juan de Fuca Ridge and Gorda Ridge and
a ridge west of the Explorer Plate (double lines), adding to the
size of the Pacific Plate to the west and the Gorda, Juan de Fuca
, and Explorer plates to the east. The plates east of the
spreading center are carried beneath North America at the
Cascadia Subduction Zone (see Figure 2-5) at the deformation
front. Beneath the continent, they give rise to the Cascade
volcanoes (shaded triangles). Shaded circles locate larger
earthquakes (see also Appendix A). Offshore earthquakes on

Blanco Fracture Zone and in and around the Explorer Plate not
shown. SAF, San Andreas Fault. Modified from USGS.
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bands by dating volcanic rocks and the age of sediments directly
overlying oceanic crust, we can determine the rate of
separation of the Juan de Fuca and Gorda ridges. Compare this
image with Figure 2-4, which shows the topography of the
Gorda Plate.

At that time, the oceanic crust west of North America
formed part of the Farallon Plate, not the Pacific Plate
(Figure 2-7, 2-8), and the Farallon Plate was being
subducted beneath North America. The Farallon Plate
and Pacific Plate were separated by the East Pacific
Rise, part of the world-encircling mountain system
that marks where new oceanic crust is formed (Figure
2-3) and spreads away, and by the Mendocino
Transform Fault, which at that time was west of what
would later become Los Angeles (Figures 2-7, 2-8). The
Baja California peninsula was part of the Mexican
mainland, with no Gulf of California in between.
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Sea-floor spreading on
the Mid-Atlantic Ridge
had been forcing North
America westward, away
from Europe and toward
the East Pacific Rise
(Figure 2-3b). The
Farallon Plate was being
slowly subducted
beneath North America,
and active volcanoes
erupted through the
Cascades, the California
Coast Range, and Baja
California. The lofty
cones of these old
volcanoes were eroded
away, and only the roots
of the volcanoes are
preserved in the deeply
eroded mountains. As
the Farallon Plate
continued to be slowly
consumed, the Pacific
Plate came into contact
with the North America
Plate. But the Farallon
Plate had been moving
eastward, toward the
continent, whereas the
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and North America plates had
met at a transform fault at the
base of the continental slope.



Pacific Plate was moving
northwest, parallel to the
continental edge. So,
after the plates came
into contact, the Pacific
Plate moved northwest
past North America
along a new transform
fault at the base of the
continental slope, a
forerunner to the San
Andreas Fault (Figure 2-7,
20 My and 10 My). The
Mendocino Triple
Junction moved
northwest, too, and the
San Andreas ancestor
grew in length as the
former Farallon Plate
broke up into the Juan de
Fuca Plate off northern
California, Oregon,
Washington, and
Vancouver Island, and

This transform fault widened
with time (10 m.y., 5 m.y.) as
more and more of the Pacific
Plate came into contact with
North America. (The Queen
Charlotte Fault, off British
Columbia and southeast Alaska,
is a modern-day example of a
transform fault at the base of
the continental slope; see
Figure 2-3.) The Mendocino
Transform Fault moved
northward relative to
California. Between 5 m.y. and
today, the transform fault at the
base of the continental slope
shifted position inland, slicing
off Baja California and part of
Alta California as part of the
Pacific Plate. Since then, this
continental slice has been
moving past the rest of North
America, accompanied by large
earthquakes. The San Andreas
Fault is a transform fault
because it separates spreading
centers at the Gorda and Juan
de Fuca ridges from the
spreading centers in the Gulf of
California and Imperial Valley.
CP, Cocos Plate; RP, Rivera
Plate.

the Cocos Plate off Mexico and Central America. Lavas

continued to be spewed out in the Pacific Northwest

and in Mexico even as they stopped along the

transform fault in California.

About 4.5 million years ago, the transform fault

shifted inland to its present position within the
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continent as the San Andreas Fault, and Baja California
broke away from the rest of Mexico, leaving the Gulf of
California in its wake. The Gulf of California is an ocean
basin in the making, like the Atlantic Ocean one
hundred and eighty million years ago, when the
Americas were close to Europe and Africa. Baja
California began to drift off to the northwest, taking
coastal Alta California along with it and leaving new
ocean floor in its wake. The deep parts of the Gulf are
mini-ocean basins called spreading centers. Basalt lava
and hot springs are found in them, just as they are in
the Mid-Atlantic Ridge and East Pacific Rise. The
northernmost spreading center, oddly enough, is in the
Imperial Valley, where continental crust is being pulled
apart at the same time that, and the gap is being filled
by sediments of the Colorado River.

The Juan de Fuca Plate is breaking off the Gorda
Plate along the Blanco Transform Fault (Figure 2-4b,
2-7), and the Rivera Plate (RP in the top map of Figure
2-7), part of the former Cocos Plate, has appeared at
the mouth of the Gulf of California. Subduction still
continues today in the Pacific Northwest and in
Mexico south of the Gulf, accompanied by active
volcanoes.

Visualization of these examples of plate tectonics
stretches the imagination until we recall that this has
taken thirty million years, a length of time that
overwhelms our ability to understand it. We are forced
to put our imagination of natural processes into ultra-
high speed, so that lifetimes flash by in a couple of
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seconds, and there is a plate-boundary subduction-
zone earthquake at Cascadia every fifteen seconds.
Even at that rate, the disappearance of the Farallon
Plate would seem extraordinarily slow. If you were
watching it as you would a movie, bring lots of
popcorn.

a A video element has been excluded from this version
of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=41
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3. Earchquake Basics

1. Introduction

The problem is that earthquakes start out many miles
beneath the surface, too deep for us to observe them
directly. So we study them from afar by (1) observing the
geological changes at the ground surface, (2) analyzing
the symphony of earthquake vibrations recorded on
seismographs, and (3) monitoring the tectonic changes
in the Earth’s crust by surveying it repeatedly, using
land survey techniques for many years and now using
satellites. In addition, we have laboratory experimental
results on how rocks behave at the depths and
temperatures where earthquakes form, which helps us
understand what happens during an earthquake. One
of the important things to recognize is that rocks, like
rubber bands, are elastic.
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2. Elastic Rocks: How They Bend and
Break

a A video element has been excluded from this
version of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes,/?p=65

. B Undeformed
@ a Deformed
Undeformed

Figure 3-1. Elasticity. (@) An inflated balloon is squeezed between
two hands, changing its shape. If the hands are removed, the
balloon returns to its earlier shape. (b) A thin board is bent into a
curved shape. If the hands bending the board are removed, the
board returns to its original shape. The balloon and board are
both elastic.
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a A video element has been excluded from this
version of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=65
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Figure 3-2. (a) When the balloon is squeezed too hard, it pops. (b)
When the board is bent too much, it breaks. These are examples of
brittle fracture. (c) When a piece of bubble gum or Silly Putty is
squeezed between two hands, it deforms. When the hands are
removed, it stays in the same deformed shape. This is called
ductile deformation.

If you blow up a balloon, the addition of air causes the
balloon to expand. If you then squeeze the balloon with
your hands (Figure 3-1, left), the balloon will change
its shape. Removing your hands causes the balloon to
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return to its former shape (Figure 3-1, left). If you take
a thin board and bend it with your hands (Figure 3-1,
right), the board will deform. If you let the board go,
it will straighten out again. These are examples of a
property of solids called elasticity. When air is blown
into the balloon, or when the balloon is squeezed, or
when the board is bent, strain energy is stored up inside
the rubber walls of the balloon and within the board.
When the balloon is released, or the board is let go, the
strain energy is released as balloon and board return to
their former shapes.

But if the balloon is blown up even further, it finally
reaches a point where it can hold no more air, and
it bursts (Figure 3-2, upper left). The strain energy is
released in this case, too, but it is released abruptly,
with a pop. Instead of returning to its former size, the
balloon breaks into tattered fragments. In the same
way, if the small board is bent too far, it breaks with a
snap as the strain energy is released (Figure 3-2, upper
right).

It is not so easy to picture rocks as being elastic, but
they are. If a rock is squeezed in a laboratory rock press,
it behaves like a rubber ball, changing its shape slightly.
When the pressure of the rock press is released, the
rock returns to its former shape, just as the balloon or
the board does, as shown in Figure 3-1. But if the rock
press continues to bear down on the rock with greater
force, ultimately the rock will break, like the balloon or
the board in Figure 3-2.

This elastic behavior is characteristic of most rocks
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in the brittle crust, shallower than the brittle-ductile
transition, as shown in Figure 2-1. Rocks at greater
depths commonly do not break by brittle fracture but
deform like bubble gum or like the geologist’s favorite
toy, Silly Putty. When a piece of Silly Putty is squeezed
together, it deforms permanently; it does not return
to its original shape after the squeezing hands are
removed (Figure 3-2, bottom).

a A video element has been excluded from this version
of the text. You can watch it online here:

https: //open.oregonstate.education /earthquakes/?p=65

Unstrained Crust Stressed to Elastic Limit Rebound to Relieve Stress
SURVEY BENCHN_IARKS
H " THQUAKE
| o% 3
0 00 O
7 A
Existing Fault Zone Existing Fault Zone SEISMIC WA

Figure 3-3. Illustration of elastic rebound theory of Harry E.
Reid. Strain is building up.

a A video element has been excluded from this version
of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=65
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EPICENTER SURFACE RUPTURE

Figure 3-4. A cross section of the Earth’s crust.

After the great San Francisco Earthquake of 1906 on
the San Andreas Fault, Professor Harry F. Reid of Johns
Hopkins University, a member of Andrew Lawson’s
State Earthquake Investigation Commission, compared
two nineteenth-century land surveys on both sides of
the fault (Figure 3-3, left and center) with a new survey
taken just after the earthquake (Figure 3-3, right).
These survey comparisons showed that widely
separated survey benchmarks on opposite sides of the
fault had moved more than 10 feet (3.2 meters) with
respect to each other even before the earthquake, and
this slow movement was in the same direction as the
sudden movement during the earthquake. Based on
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these observations, Reid proposed his elastic rebound
theory, which states that the Earth’s crust acts like the
bent board mentioned earlier. Strain accumulates in
the crust until it causes the crust to rupture in an
earthquake, like the breaking of the board and the
bursting of the balloon.

Another half-century would pass before we would
understand why the strain had built up in the brittle
crust before the San Francisco Earthquake. We know
now that it is due to plate tectonics. The Pacific Plate
is slowly grinding past the North America Plate along
the San Andreas Fault. But the San Andreas Fault, where
the two plates are in contact, is stuck, and so the crust
deforms elastically, like bending the board. The break is
along the San Andreas Fault because it is relatively weak
compared to other parts of the two plates that have
not been broken repeatedly. A section of the fault that
is slightly weaker than other sections gives way first,
releasing the plate-tectonic strain as an earthquake.

If we knew the crustal strengths of various faults,
and if we also knew the exact rate at which strain is
building up in the crust at these faults, we could then
forecast when the next earthquake would strike, an
idea that occurred to Harry Reid. We are beginning to
understand the rate at which strain builds up on a few
of our most hazardous faults, like the San Andreas Fault.
But we have very little confidence in our knowledge of
the crustal strength that must be overcome to produce
an earthquake. The crust is stronger in some places
along the fault than others, and crustal strengths are
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probably different on the same part of a fault at
different times in its history. This makes it difficult to

forecast when the next earthquake will strike the San

Andreas Fault, even though we know more about its
earthquake history than any other fault on Earth.

60 | Robert S. Yeats

Figure 3-5a. Right-lateral
strike-slip fault. Aerial view of
San Andreas Fault in Carrizo
Plain, California. Fault is
marked by a linear zone that
can be traced from left to right
across photo. Two streams
crossing the fault have been
deflected to right. The most
recent rupture was during the
Fort Tejon Earthquake of 1857.
Photo credit: University of
Colorado, as reproduced in
NASA Natural Hazards Slide
Set: Earthquakes in Southern
California 1979-1989. Photo by
USGS



3. A Classification
of Faults

Most damaging
earthquakes form on
faults at a depth of five
miles or more in the
Earth’s crust, too deep to
be observed directly. But
most of these faults are
also exposed at the

surface where they may §§ “
be studied by geologists. Figure 3-5b. Right-lateral
strike-slip fault. Offset furrows
in a cultivated field near El

be accompanied by Centro, California, during an
surface movement on earthquake on October 15,1979.

Larger earthquakes may

these faults, damaging or
destroying human-made structures under which they
pass.

Some faults are vertical, so that an earthquake at 10
miles depth is directly beneath the fault at the surface
where rupture of the ground can be observed. Other
faults dip at a low angle, so that the fault at the surface
may be several miles away from the point on the Earth’s
surface directly above the earthquake (Figure 3-4).
Where the fault has a low dip or inclination, the rock
above the fault is called the hanging wall, and the rock
below the fault is called the footwall. These are terms
that were first coined by miners and prospectors.
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Valuable ore deposits are commonly found in fault
zones, and miners working underground along a fault
zone find themselves standing on the footwall, with the
hanging wall over their heads.

If the hanging wall moves up or down during an
earthquake, the fault is called a dip-slip fault (Figure
3-4). If the hanging wall moves sideways, parallel with
the Earth’s surface, as shown in Figure 3-3, 3-5, and 3-6,
the fault is called a strike-slip fault.

There are two kinds of strike-slip fault, right-lateral
and left-lateral. If you stand on one side of a right-
lateral fault, objects on the other side of the fault
appear to move to your right during an earthquake
(Figure 3-5a, b). The San Andreas Fault is the world’s
best-known example of a right-lateral fault (Figure
3-5a). At a left-lateral fault, objects on the other side of
the fault appear to move to your left (Figure 3-6). Some
of the faults off the coast of Oregon and Washington are
left-lateral faults (Figure 4-1, following chapter).
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Figure 3-6. Road displaced to the left during an earthquake in
1990 on a left-lateral strike-slip fault on the Island of Luzon in
the Philippines.
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Figure 3-7. Normal fault scarp at margin of Pleasant Valley,
south of Winnemucca, Nevada, formed suddenly during an
earthquake in 1915 raising the hills on the left with respect to
the terrain on the right. Fault dips (slopes) toward the right.
Truck is parked on hanging wall of fault; left skyline is part of
footwall. Photo by Robert Wallace, USGS

If the hanging wall of a dip-slip fault moves down with
respect to the footwall, it is called a normal fault (Figure
3-7). This happens when the crust is being pulled apart,
as in the case of faults bordering Steens Mountain in
southeastern Oregon, or at sea-floor spreading
centers. If the hanging wall moves up with respect to
the footwall, it is called a reverse fault (Figure 3-8).
This happens when the crust is jammed together. The
Cascadia Subduction Zone, where the Juan de Fuca and
Gorda oceanic plates are driving beneath the continent,
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is a very large-scale example of a reverse fault. The 1971
Sylmar Earthquake ruptured the San Fernando Reverse
Fault, buckling sidewalks and raising the ground, as
shown in Figure 3-8a. The 1999 Chi-Chi, Taiwan,
Earthquake was accompanied by surface rupture on a
reverse fault, including the rupture across a running
track at a high school (Figure 3-8b). The Seattle Fault,
extending east-west through downtown Seattle, is a

reverse fault. Where the dip of a reverse fault is very
low, it is called a thrust fault.

e P L T SR CEy

Figure 3-8a. Reverse fault in the San Fernando Valley,
California, formed during the Sylmar Earthquake of February 9,
1971. Fault extends from left to right. Buckling of sidewalk
indicates compression; fault dips away from viewer. Hanging
wall (in background) was at same level as footwall (in
foreground) before the earthquake. Ruined building in left
background was part of a convalescent home in which several
people died.
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Figure 3-8b. Reverse fault across a running track at Kuangfu
High School in central Taiwan, formed by Chelungpu reverse
fault during Chi-Chi earthquake. Photo by Robert Yeats for both
3-8 aandb.
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The 1983 Coalinga
Earthquake in the central
Coast Ranges and the
1994 Northridge
Earthquake in the San
Fernando Valley, both in

California, were caused . .
’ Figure 3-9. Ventura Avenue

by rupture on reverse Anticline in oil field north of
faults, but these faults did Ventura, California. Folded rock
layers were formerly

not reach the surface. horizontal, deposited on the
Reverse faults that do not floor of the ocean. Folding is
controlled by displacement on a
deeply buried reverse fault
called blind faults, and if called a blind thrust.

they have low dips, they

reach the surface are

are called blind thrusts. In many cases, such faults are
expressed at the Earth’s surface as folds in rock. An
upward fold in rock is called an anticline(Figure 3-9),
and a downward fold is called asyncline. Before these
two earthquakes, geologists thought that anticlines and
synclines form slowly and gradually and are not related
to earthquakes. Now it is known that they may hide
blind faults that are the sources of earthquakes. Such
folds cover blind faults in the linear ridges in the Yakima
Valley of eastern Washington.

Figure 3-10a is a summary diagram showing the four
types of faults that produce earthquakes: left-lateral
strike-slip fault, right-lateral strike-slip fault, normal
fault, and reverse fault. Figure 2-10b shows a blind
reverse fault, the special type of reverse fault that does
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not reach the surface but is manifested at the surface
as an anticline or a warp.
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a A video element has been excluded from this version of the
text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=65
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Figure 3-10a. A classification of faults. Top, dip-slip faults. Left, normal
fault. Right, reverse fault. Middle, left-lateral and right-lateral strike-slip
faults. Bottom, oblique-slip fault, with a component of dip slip and strike
slip.
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4. Paleoseismology: Slip Rates and
Earthquake Recurrence Intervals

Major earthquakes are generally followed by
aftershocks, some large enough to cause damage and
loss of life on their own. The aftershocks are part of
the earthquake that just struck, like echoes, but last for
months and even years. But if you have just suffered
through an earthquake, the aftershocks may cause you
to ask: when will the next earthquake strike? I now
restate this question: when will the next large
earthquake (as opposed to an aftershock) strike the
same section of fault?

The San Fernando Valley in southern California had
an earthquake in 1994, twenty-three years after it last
experienced one in 1971. But these earthquakes were
on different faults: the 1971 earthquake had surface
rupture, the 1994 earthquakes did not. That is not the
question I ask here. To answer my question, the
geologist tries to determine the slip rate, the rate at
which one side of a fault moves past the other side over
many thousands of years and many earthquakes. This
is done by identifying and then determining the age of
a feature like a river channel that was once continuous
across the fault but is now offset by it, like the examples
in Figure 3-5a.

It is also necessary for us to identify and determine
the ages of earthquakes that struck prior to our
recorded history, a science called paleoseismology. For
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example, in central California, Wallace Creek is offset
420 feet (130 meters) across the San Andreas Fault.
Sediments deposited in the channel of Wallace Creek
prior to its offset are 3,700 years old, based on
radiocarbon dating of charcoal in the deposits. The slip
rate is the amount of the offset, 420 feet, divided by the
age of the channel that is offset, 3,700 years, a little less
than 1.4 inches (35 millimeters) per year.

Wallace Creek crosses that part of the San Andreas
Fault where strike-slip offset during the great Fort
Tejon Earthquake of 1857 was 30-40 feet. How long
would it take for the fault to build up as much strain
as it released in 18572 To find out, divide the 1857 slip,
30-40 feet, by the slip rate, 1.4 inches per year, to get
260 to 340 years, which is an estimate of the average
earthquake recurrence interval for this part of the fault.
(I round off the numbers because the age of the offset
Wallace Creek, based on radiocarbon dating, and the
amount of its offset are not precisely known.)
Paleoseismologic investigation of backhoe trench
excavations shows that the last earthquake to strike
this part of the fault prior to 1857 was around the year
1480, an interval of 370 to 380 years, which agrees with
our calculations within our uncertainty of
measurement. This is reassuring because the lowest
estimate of the recurrence interval, 260 years, won't
end until after the year 2100.

Crustal faults in the Pacific Northwest have much
slower slip rates, and so the earthquake recurrence
times are much longer. Say that we learned that a
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reverse fault has a slip rate of 1/25 inch (1 millimeter)
per year, and we conclude from a backhoe trench
excavation across the fault that an earthquake on the
fault will cause it to move 10 feet (120 inches). The
return time would be three thousand years. Could we
use that information to forecast when the next
earthquake would occur on that fault?

Unfortunately, this question is not easy to answer
because the faults and the earthquakes they produce
are not very orderly. For example, the 1812 and 1857
earthquakes on the same section of the San Andreas
Fault ruptured different lengths of the fault, and their
offsets were different. Displacements on the same fault
during the same earthquake differ from one end of the
rupture to the other. The recurrence intervals differ as
well. We were reassured by the recurrence interval of
370 to 380 years between the 1857 earthquake and a
prehistoric event around A.D. 1480, but the earthquake
prior to A.D. 1480 struck around A.D. 1350, a recurrence
interval of only 130 years. For a fault with an average
recurrence interval of three thousand vyears, the
irregularity in return times could be more than a
thousand years, so that the average recurrence interval
would have little value in forecasting the time of the
next earthquake on that section of fault.

We can give a statistical likelihood of an earthquake
striking a given part of the San Andreas Fault in a
certain time interval after the last earthquake (see
Chapter 7), but we can’t nail this down any closer
because of the poorly understood variability in strength
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of fault zones, variability in time as well as position on
the fault. Another difficulty is in our use of radiocarbon
dating to establish the timing of earlier earthquakes.
Charcoal may be rare in the faulted sediments we are
studying. And radiocarbon doesn’t actually date an
earthquake. It dates the youngest sediments cut by a
fault and the oldest unfaulted sediments overlying the
fault, assuming that these sediments have charcoal
suitable for dating.

5. What Happens During an
Earthquake?

Crustal earthquakes start at depths of five to twelve
miles, typically in that layer of the Earth’s crust that is
strongest due to burial pressure, just above the brittle-
ductile transition, the depth below which temperature
weakening starts to take effect (Figure 2-1). Slab
earthquakes like the Nisqually Earthquake of 2001 start
in the Juan de Fuca Plate underlying the continent, at
greater depths but still in brittle rock. These depths
are too great for us to study the source areas of
earthquakes directly by deep drilling, and so we have
to base our understanding on indirect evidence. We
do this by studying the detailed properties of seismic
waves that pass through these crustal layers, or by
subjecting rocks to laboratory tests at temperatures
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and pressures expected at those depths. And some
ancient fault zones have been uplifted and eroded in
the millions of years since faulting took place, allowing
us to observe them directly at the surface and make
inferences on how ancient earthquakes may have
occurred on them.
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a A video element has been excluded from this
version of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=65
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Figure 3-11. An earthquake produces P waves, or
compressional waves, that travel faster and reach the
seismograph first, and S waves, or shear waves, that are
slower. Both are transmitted within the Earth and are
called body waves. Even slower are surface waves that
run along the surface of the earth and do a lot of the
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damage. The earthquake focus is the point within the
Earth where the earthquake originates. The epicenter is
a point on the surface directly above the focus. The
diagram below is a seismogram, reading from left to
right, showing that the P wave arrives first, followed by
the S wave and then by surface waves.

An earthquake is most likely to rupture the crust where
it previously has been broken at a fault, because a fault
zone tends to be weaker than unfaulted rock around it.
The Earth’s crust is like a chain, only as strong as its
weakest link. Strain has been building up elastically, and
now the strength of the faulted crust directly above the
zone where temperature weakening occurs is reached.
Suddenly, this strong layer fails, and the rupture races
sideways and upward toward the surface, breaking the
weaker layers above it, and even downward into crust
that would normally behave in a ductile manner. The
motion in the brittle crust produces friction, which
generates heat that may be sufficient to melt the rock
in places. In cases where the rupture only extends for
a mile or so, the earthquake is a relatively minor one,
like the 1993 Scotts Mills Earthquake east of Salem,
Oregon. But in rare instances, the rupture keeps going
for hundreds of miles, and a great earthquake like the
1906 San Francisco Earthquake or the 2002 Denali,
Alaska, Earthquake is the result. At present, scientists
can’t say why one earthquake stops after only a small
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segment of a fault ruptures, but another segment of
fault ruptures for hundreds of miles, generating a giant
earthquake.

The rupture causes the sudden loss of strain energy
that the rock had built up over hundreds of years,
equivalent to the snap of the board or the pop of the
balloon. The shock radiates out from the rupture as
seismic waves, which travel to the surface and produce
the shaking we experience in an earthquake (Figure
3-11). These waves are of three basic types: P waves
(primary waves), S waves (secondary or shear waves),
and surface waves. P and S waves are called body waves
because they pass directly through the Earth, whereas
surface waves travel along the Earth’s surface, like the
ripples in a pond when a stone is thrown into it.

P and S waves are fundamentally different (Figure
3-12). A P wave is easily understood by a pool player,
who “breaks” a set of pool balls arranged in a tight
triangle, all touching. When the cue ball hits the other
balls, the energy of striking momentarily compresses
the next ball elastically. The compression is transferred
to the next ball, then to the next, until the entire set
of pool balls scatters around the table. The elastic
deformation is parallel to the direction the wave is
traveling, as shown by the top diagram in Figure 3-12. P
waves pass through a solid, like rock, and they can also
pass through water or air. When earthquake waves pass
through air, sometimes they produce a noise.

An S wave can be imagined by tying one end of a
rope to a tree. Hold the rope tight and shake it rapidly
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from side to side. You can see what looks like waves
running down the rope toward the tree, distorting the
shape of the rope. In the same fashion, when S waves
pass through rock, they distort its shape. The elastic
deformation is at right angles to the direction the wave
travels, as shown by the bottom diagram in Figure 3-12.
S waves cannot pass through liquid or air, and they
would not be felt aboard a ship at sea.
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a A video element has been excluded from this
version of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=65
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Figure 3-12. Two views of (a) P waves and (b) S waves, all
moving from left to right. A P wave moves by alternately
compressing and dilating the material through which it
passes, somewhat analogous to stop-and-go traffic on
the freeway during rush hour. An S wave moves by
shearing the material from side to side, analogous to
flipping a rope tied to a tree. Note the illustration of
wavelength for P and S waves and amplitude for S
waves. The number of complete wavelengths to pass a
point in a second is the frequency.
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Because S waves are produced by sideways motion,
they are slower than P waves, and the seismologist uses
this fact to tell how far it is from the seismograph to
the earthquake (Figure 3-13). The seismogram records
the P wave first, then the S wave. If the seismologist
knows the speed of each wave, then by knowing that
both waves started at the same time, it is possible to
work out how far the earthquake waves have traveled
to reach the seismograph. If we can determine the
distance of the same earthquake from several different
seismograph stations, we are able to locate the
epicenter, which is the point on the Earth’s surface
directly above the earthquake focus. The focus or
hypocenter is the point beneath the Earth’s surface
where the crust or mantle first ruptures to cause an
earthquake (Figure 3-4). The depth of the earthquake
below the surface is called its focal depth.

A modern three-component seismograph station
provides more information about an earthquake source
than a single-component seismograph because it
consists of three separate seismometers, one
measuring motion in an east-west direction, one
measuring north-south motion, and one measuring up-
down motion. An east-west seismometer, for example,
can tell if the wave is coming from an easterly or
westerly direction, and a seismograph in Seattle could
distinguish an earthquake on the Cascadia Subduction
Zone to the west from an earthquake in the Pasco Basin
east of the Cascades.

The surface waves are more complex. After reaching
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the surface, much earthquake energy will run along the
surface, causing the ground to go up and down, or sway
from side to side. Some people caught in an earthquake
have reported that they could actually see the ground
moving up and down, like an ocean wave, but faster.

An earthquake releases a complex array of waves,
with great variation in frequency, which is the number
of waves to pass a point in a second. A guitar string
vibrates many times per second, but it takes successive
ocean waves many seconds to reach a waiting surfer.
The ocean wave has a low frequency, and the guitar
string vibrates at a high frequency. An earthquake can
be compared to a symphony orchestra, with cellos,
bassoons, and bass drums producing sound waves that
vibrate at low frequencies, and piccolos, flutes, and
violins that vibrate at high frequencies. It is only by
use of high-speed computers that a seismologist can
separate out the complex vibrations produced by an
earthquake and begin to read and understand the
music of the spheres.

a A video element has been excluded from this version
of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=65
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Figure 3-12. Two views of (a) P waves and (b) S waves, all
moving from left to right. A P wave moves by alternately
compressing and dilating the material through which it passes,
somewhat analogous to stop-and-go traffic on the freeway
during rush hour. An S wave moves by shearing the material
from side to side, analogous to flipping a rope tied to a tree.
Note the illustration of wavelength for P and S waves and
amplitude for S waves. The number of complete wavelengths to
pass a point in a second is the frequency. Low-frequency body
waves of large earthquakes travel on a curving path through the
Earth for thousands of miles to reach seismographs around the
world (Figure 3-11). I pointed out earlier that only the outermost
parts of the Earth are elastic. How can the mantle, which is
capable of the slow plastic flow that drives plate tectonics, also
behave as an elastic solid when earthquake body waves pass
through it?

To explain this, I return to my piece of Silly Putty
(Figure 3-2). Silly Putty can be stretched out like bubble
gum when it is pulled slowly. Hang a piece of Silly Putty
over the side of a table, and it will slowly drip to the
floor under its own weight, like soft tar (ductile flow).
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Yet it has another, seemingly contradictory, property
when it is deformed rapidly. It will bounce like a ball,
indicating that it can be elastic. If Silly Putty is stretched
out suddenly, it will break, sometimes into several
pieces (brittle fracture).

The difference is whether the strain is applied
suddenly or slowly. When strain is applied quickly, Silly
Putty will absorb strain elastically (it will bounce), or it
will shatter, depending on whether the strain takes it
past its breaking point. Earthquake waves deform rock
very quickly, and like Silly Putty, the rock behaves like
an elastic solid. If strain is applied slowly, Silly Putty
flows, almost like tar. This is the way the asthenosphere
and lower crust work. The internal currents that drive
the motion of plate tectonics are extremely slow, inches
per year or less, and at those slow rates, rock flows.

Furthermore, when a fault ruptures the brittle crust
just above the brittle-ductile transition, the fault
rupture may propagate downward into crust that
behaves in a brittle fashion because the fault rupture is
generated at high speed, in contrast to its response to
the slow deformation of plate tectonics. We will return
to this subject in Chapter 4, where we consider the
behavior of the Cascadia Subduction Zone, in which
the plate boundary consists of material closer to the
surface that is elastic or subject to brittle fracture
under all conditions, a deeper layer that is ductile under
all conditions, and an intermediate, or transitional,
layer that is ductile when stress is applied slowly, at
the rates of plate tectonics, but is brittle when stress
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is applied rapidly as an earthquake-generating fault
propagates downward. But even the deepest layer is
elastic to the propagation of seismic body waves.

6. Measuring an Earthquake

a. Magnitude

The chorus of high-frequency and low-frequency
seismic waves that radiate out from an earthquake
indicates that no single number can characterize an
earthquake, just as no single number can be used to
describe a Yakima Valley wine or a sunset view of Mt.
Rainier or Mt. Hood.

The size of an earthquake was once measured largely
on the basis of how much damage was done. This was
unsatisfactory to Caltech seismologist Charles Richter,
who wanted a more quantitative measure of earthquake
size, at least for southern California. Following up on
earlier work done by the Japanese, Richter in 1935
established a magnitude scale based on how much a
seismograph needle is deflected by a seismic wave
generated by an earthquake about sixty miles (a
hundred kilometers) away (Figure 3-14). Richter used a
seismograph specially designed by seismologist Harry
Wood and astronomer John Anderson to record local
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earthquakes in southern California. This seismograph
was best suited for those waves that vibrated with a
frequency of about five times per second, which is a
bit like measuring how loud an orchestra is by how
loud it plays middle C. Nonetheless, it enabled Richter
and his colleagues to distinguish large, medium-sized,
and small earthquakes in California, which was all they
wanted to do. Anderson was an astronomer, and the
seismograph was built at the Mt. Wilson Observatory,
which may account for the word magnitude, a word that
also expresses how bright a star is.

Complicating the problem for the lay person is that
Richter’s scale is logarithmic, which means that an
earthquake of magnitude 5 would deflect the needle
of the Wood-Anderson seismograph ten times more
than an earthquake of magnitude 4 (Figure 3-14). And
an increase of one magnitude unit represents about
a thirty-fold increase in release of stored-up seismic
strain energy. So the Olympia, Washington, Earthquake
of 7.1 on April 13, 1949, would be considered to have
released the energy of more than thirty earthquakes
the size of the Klamath Falls, Oregon, Earthquake of
September 20, 1993, which was magnitude 6.

a A video element has been excluded from this version
of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=65
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Figure 3-14. Richter’s concept of magnitude. The delay between
the P wave and the S wave is the same in both seismograms, so
the two earthquakes are the same distance from the
seismograph. The larger magnitude has a greater amplitude of
deflection of the seismic waves. Richter used those earthquake
waves with a frequency of about five wavelengths per second. In
the figure, A is twice the amplitude. The magnitude 7
earthquake has a value of A ten times that of the magnitude 6
earthquake.

Richter never claimed that his magnitude scale, now
called local magnitude and labeled ML, was an accurate
measure of earthquakes. Nonetheless, the Richter
magnitude scale caught on with the media and the
general public, and it is still the first thing that a
reporter asks a professional about an earthquake: “How
big was it on the Richter scale?” The Richter magnitude
scale works reasonably well for small to moderate-size
earthquakes, but it works poorly for very large
earthquakes, the ones we call great earthquakes. For
these, other magnitude scales are necessary.

To record earthquakes at seismographs thousands of
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miles away, seismologists had to use long-period (low-
frequency) waves, because the high-frequency waves
recorded by Richter on the Wood-Anderson
seismographs die out a few hundred miles away from
the epicenter. To understand this problem, think about
how heavy metal music is heard a long distance away
from its source, a live band or a boom box. Sometimes
when my window is open on a summer evening, I can
hear a faraway boom box in a passing car, but all I
can hear are the very deep, or low-frequency, tones of
the bass guitar, which transmit through the air more
efficiently than the treble (high-frequency) guitar notes
or the voices of the singers. In this same way, low-
frequency earthquake waves can be recorded
thousands of miles away from the earthquake source,
so that we were able to record the magnitude 9
Tohoku-oki earthquake in Japan on our seismograph
in Corvallis, Oregon. Low-frequency body waves pass
through the Earth and are used to study its internal
structure, analogous to X-rays of the human body. A
body-wave magnitude is called mp,.

A commonly used earthquake scale is the surface
wave magnitude scale, or MS, which measures the
largest deflection of the needle on the seismograph for
a surface wave that takes about twenty seconds to pass
a point (which is about the same frequency as some
ocean waves).

The magnitude scale most useful to professionals is
the moment magnitude scale, or MW, which comes
closest to measuring the true size of an earthquake,
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particularly a large one. This scale relates magnitude
to the area of the fault that ruptures and the amount
of slip that takes place on the fault. For many very
large earthquakes, this can be done by measuring the
length of the fault that ruptures at the surface and
figuring out how deep the zone of aftershocks extends,
thereby calculating the area of the rupture. The amount
of slip can be measured at the surface as well. The
seismologist can also measure MW by studying the
characteristics of low-frequency seismic waves, and the
surveyor or geodesist (see section 7 of this chapter) can
measure it by remeasuring the relative displacement
of survey benchmarks immediately after an earthquake
to work out the distortion of the ground surface and
envisioning a subsurface fault that would produce the
observed distortion (see below).

For small- to intermediate-size earthquakes, the
magnitude scales are designed so that there is relatively
little difference between Richter magnitude, surface-
wave magnitude, and moment magnitude. But for very
large earthquakes, the difference is dramatic. For
example, both the 1906 San Francisco Earthquake and
the 1964 Alaska Earthquake had a surface-wave
magnitude of 8.3. However, the San Francisco
Earthquake had a moment magnitude of only 7.9,
whereas the Alaska Earthquake had a moment
magnitude of 9.2, which made it the second-largest
earthquake of the twentieth century. The surface area
of the fault rupture in the Alaska Earthquake was the
size of the state of lowa!
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b. Intensity

Measuring the size of an earthquake by the energy it
releases is all well and good, but it is still important to
measure how much damage it does at critical places
(such as where you or I or our loved ones happen to
be when the earthquake strikes). This measurement is
called earthquake intensity, which is measured by a
Roman numeral scale (Table 3-1). Intensity III means
no damage, and not everybody feels it. Intensity VII or
VIII involves moderate damage, particularly to poorly
constructed buildings, while Intensity IX or X causes
considerable damage. Intensity XI or XII, which
fortunately is rare, is characterized by nearly total
destruction.

Earthquake intensities are based on a post-
earthquake survey of a large area. Damage is noted,
and people are questioned about what they felt. An
intensity map is a series of concentric lines, irregular
rather than circular, in which the highest intensities are
generally (but not always) closest to the epicenter of the
earthquake. For illustration, an intensity map is shown
for the 1993 Scotts Mills Earthquake in the Willamette
Valley of Oregon (Figure 3-15). High intensities were
recorded near the epicenter, as expected. But intensity
can also be influenced by the characteristics of the
ground. Buildings on solid rock tend to fare better (and
thus are subjected to lower intensities) than buildings
on thick soft soil. The Intensity VI contour bulges out
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around the capital city of Salem, and the Intensity V
contour bends south to include the city of Albany. Both
are along the Willamette River (dotted line in Figure
3-15), where soft river deposits increased strong
shaking. The effect of soft soils is discussed further in
Chapter 8.
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Modified Mercalli Intensity Scale

Not felt except by a very few, under especially favorable
circumstances.

II

Felt only by a few persons at rest, especially on upper
floors of buildings. Delicately suspended objects may
swing.

III

Felt quite noticeably indoors, especially on upper floors
of buildings, but many people do not recognize it as an
earthquake. Standing automobiles may rock slightly.
Vibrations like the passing of a truck.

v

During the day, felt indoors by many, outdoors by few. At
night, some awakened. Dishes, windows, doors disturbed;
walls make creaking sound. Sensation like heavy truck
striking building. Standing automobiles rocked
noticeably.

Felt by nearly everyone; many awakened. Some dishes,
windows, etc. broken; cracked plaster in a few places;
unstable objects overturned. Disturbance of trees, poles,
and other tall objects sometimes noticed. Pendulum
clocks may stop.

Figure 3-15. Intensity map of the March 25, 1993, Scotts
Mills Earthquake. The star marks the epicenter. If you felt
this earthquake, find your location on the map, note the
intensity, and compare your own observations with those
expected with the intensity shown in Table 3-1. (1 km = 0.62
miles) From Gerald Black, Oregon Department of Geology
and Mineral Industries.
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V1

Felt by all, many frightened and run outdoors. Some
heavy furniture moved; a few instances of fallen plaster
and damaged chimneys. Damage slight; masonry D
cracked.

Vil

Everybody runs outdoors. 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 (masonry D); some
chimneys broken. Noticed by persons driving cars.

VIII

Damage slight in specially designed structure; no damage
to masonry A, some damage to masonry B, considerable
damage to masonry C with partial collapse. panel walls
thrown out of frame structures. Fall of chimneys, factory
stacks, columns, monuments, walls. Frame houses moved
off foundations if not bolted. Heavy furniture overturned.
Sand and mud ejected in small amounts. Changes in well
water. Persons driving cars disturbed.

IX

Damage considerable in specially designed structures;
well-designed frame structures thrown out of plumb;
great in substantial buildings, with partial collapse.
Masonry B seriously damaged, masonry C heavily
damaged, some with partial collapse, Masonry D
destroyed. Buildings shifted off foundations.

Ground cracked conspicuously. Underground pipes
broken.

X

Some well-built wooden structures destroyed; most
masonry and frame structures destroyed with
foundations; ground badly cracked. Rails bent. Landslides
considerable from river banks and steep slopes.

Shifted sand and mud. Water splashed over banks.
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Masonry A

Good workmanship, mortar, and design; reinforced,
especially laterally, and bout together using steel,
concrete, etc.

Masonry B
Good workmanship and mortar, reinforce, but not
designed in detail to resist lateral forces.

Masonry C

Ordinary workmanship and mortar, no extreme
weakness like failing to tie in at corners, but neither
reinforced nor designed against horizontal forces.

Masonry D
Weak materials such as adobe; poor mortar, low
standards of workmanship, weak horizontally.

In the Pacific Northwest, creating an intensity map by
the use of questionnaires is now done on the Internet.
You can contribute to science. If you feel an earthquake,
go to http://www.ess.washington.edu and click on
Pacific Northwest Earthquakes, which will take you to
the Pacific Northwest Seismograph Network. Click on
Report an Earthquake. This brings up the phrase, Did
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You Feel It? Click on your state and you can fill out a
report and submit it electronically. The resulting map
shows intensity in color, by zip code, and is called the
Community Internet Intensity Map (CIIM). Figure 3-16
shows the CIIM for the 2001 Nisqually Earthquake. An
earthquake of M 3.7 near Bremerton, Washington, on
May 29, 2003, drew more than one thousand responses
in the first twenty-four hours.

Figure 3-17 relates earthquake intensity to the
maximum amount of ground acceleration (peak ground
acceleration, or PGA) that is measured with a special
instrument called a strong-motion accelerograph.
Acceleration is measured as a percentage of the Earth’s
gravity. A vertical acceleration of one g would be just
enough to lift you (or anything else) off the ground.
Obviously, this would have a major impact on damage
done by an earthquake at a given site. Peak ground
velocity (PGV) is also routinely measured.

In the Pacific Northwest, creating an intensity map
by use of questionnaires is now done on the Internet.
If  you feel an earthquake, go to
http: //www.ess.washington.edu and click on Pacific
Northwest Earthquakes, which will take you to the
Pacific Northwest Seismograph Network. Click on
Report an Earthquake. This brings up the phrase, Did
You Feel It? Click on your state and you can fill out a
report and submit it electronically. The map that results
shows intensity by =zip code and is called the
Community Internet Intensity Map (CIIM). Figure 3-16
shows the CIIM for the 2001 Nisqually Earthquake. An
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earthquake of M 3.7 near Bremerton, Washington, on
May 29, 2003, drew more than one thousand responses
in the first twenty-four hours.

The Internet-derived intensity map is not generated
fast enough to be of use to emergency managers, who
need to locate quickly the areas of highest intensity,
and thus the areas where damage is likely to be
greatest. What resources must be mobilized, and where
should they be sent? The TriNet Project was developed
for southern California by the U.S. Geological Survey
(USGS), Caltech, and the California Geological Survey
with support from the Federal Emergency Management
Agency (FEMA), taking advantage of the large number
of strong-motion seismographs in the state, a detailed
knowledge of active faults of the region, and of soil
types likely to result in high accelerations. After the
Northridge Earthquake of 1994, this project developed
ShakeMap, which takes the calculated magnitude,
depth, causative fault, direction of rupture propagation,
and soil types to produce an intensity map within five
minutes of the earthquake. The ShakeMap software was
installed at the Pacific Northwest Seismograph
Network at the University of Washington in January
2001, one month before the Nisqually Earthquake, and
was still in test mode when that earthquake struck.
The ShakeMap for this earthquake, which was made
available to the public one day after the earthquake,
is shown as Figure 3-17. You can access a ShakeMap,
even for smaller earthquakes, through
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http: //www.trinet.org/shake or through the Pacific
Northwest Seismograph Network website.

Community Internet Intensity Map (10 miles NNE of Lacey, Washington)
1D:2281854 10:54:33 PST FEB 28 2001 Mag=6.8 Lalitude=N47.15 Longitude=W122.73

=

47°N -

12092 responses in 634 ZIP areas. Max intensity: VIl
I VY L4 |

124'W 123'W 122'W 121°W
_Map last updatad on Thu Mar 28 11:46:03 2001

INTENSITY | 1 | I | IV v Vi Vil
SHOKNG Mot felt | Weak Light | Modsrats | Stromg | Wary sthang Savers iclant Extroms

CHAMAG E rera | rons none | Wary Eght | Light Modorale | ModeradeMHeavy | Hanvy | Vary Haawy

Figure 3-16. Community Internet Intensity map (CIIM) for the
2001 Nisqually Earthquake. Epicenter is the white star. Go to
https: //earthquake.usgs.gov/data/dyfi/ on the USGS Web site
or to the PNSN website, which brings up “Did You Feel 1t?”
along with a brief questionnaire. Log on and complete the
questionnaire, which includes your ZIP code. The figure shows
the result of 12,092 responses from 694 ZIP code areas. The
lightest shading is intensity VI; darker shade close to epicenter
is intensity VII and VIII. From USGS Fact Sheet 030-01.
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PNSN Rapid Instrumental Intensity Map Epicenter: 17.0 km NE of Olympia, WA
M6.7 N47.15W122.73

48y

4750

47°

Increasing intensity of shaking -

Figure 3-17. Experimental ShakeMap for Nisqually Earthquake
based on forty-nine strong-motion seismograms (triangles),
sixteen of which recorded peak accelerations greater than 10
percent g and two greater than 25 percent g. Map takes into
account ground conditions and is generated automatically.
Darker areas around epicenter (filled star) have accelerations
greater than 9.2 percent g. Accelerations greater than 18
percent g are found in a linear band extending from Seattle
toward Eatonville and patches south of Olympia and west of
Interstate 5 as well as east of Olympia. The lighter patch in and
southwest of Tacoma represents accelerations lower than 9
percent g. The objective of ShakeMap is to locate areas quickly
enough to direct emergency services to the areas of strongest
shaking. From the Pacific Northwest Seismograph Network.
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As pointed out above, Intensities VII and VIII may result
in major damage to poorly constructed buildings
whereas well-constructed buildings should ride out
those intensities with much less damage. This points
out the importance of earthquake-resistant
construction and strong building codes, discussed
further in Chapters 11 and 12. Except for adobe, nearly
all buildings will ride out intensities of VI or less, even
if they are poorly constructed. For the rare occasions
when intensities reach XI or XII, many buildings will
fail, even if they are well constructed. But for the more
common intensities of VII through X, earthquake-
resistant construction will probably mean the
difference between collapse of the building, with loss of
life, and survival of the building and its inhabitants.

Measurements of intensity are the only way to
estimate the magnitudes of historical earthquakes that
struck before the development of seismographs.
Magnitude estimates based on intensity data have been
made for decades, but these were so subjective that
magnitude estimates and epicenter locations made in
this way were unreliable. For example, the epicenter
of the poorly understood earthquake of December 14,
1872 has been placed at many locations in northeastern
Washington and even in southern British Columbia,
with magnitude estimates as high as M 7.4. Can these
estimates be made more quantitative, and thereby
more useful in earthquake hazard estimates?

Bill Bakun and Carl Wentworth of the USGS figured
out a way to do it. First, they had to cope with the
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behavior of seismic waves passing through parts of the
Earth that react to seismic waves in different ways.
Seismic waves die out (attenuate) more rapidly in some
parts of the Earth than in others. It’s like hitting a sawed
log with a hammer and listening for the sound at the
other end. If the wood is good, the hammer makes
a clean sound. If the wood is rotten, however, the
hammer goes “thunk” By measuring the attenuation
(“thunkiness”) and wave speeds of more recent
earthquakes that have had magnitudes determined by
seismographs, Bakun and Wentworth were able to
calibrate the behavior of the Earth’s crust in the vicinity
of pre-instrumental earthquakes in the same region.
The magnitude measured in this way is called intensity
magnitude, or MI.

Bakun teamed with several colleagues, including Ruth
Ludwin of the University of Washington and Margaret
Hopper of the USGS, who had already done a study of
the 1872 earthquake, and analyzed twentieth-century
earthquakes  with  instrumentally  determined
maghnitudes both east and west of the Cascades to take
into account the different behavior of the Earth’s crust
in western as compared to eastern Washington. They
compared the intensities from these modern
earthquakes with the intensities reported from the 1872
earthquake at seventy-eight locations to find the
epicenter and magnitude that best matched the pattern
of intensity observed in 1872. The earthquake, they
determined, was located south of Lake Chelan with MI
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estimated as 6.8. (This earthquake is discussed further
in Chapter 6.)

c. Fault-Plane Solutions

In the early days of seismography, it was enough to
locate an earthquake accurately and to determine its
magnitude. But seismic waves contain much more
information, including the determination of the type of
faulting. The seismogram shows that the first motion
of an earthquake P-wave is either a push toward the
seismograph or a pull away from it. With the modern
three-component networks in the Northwest and
adjacent parts of Canada, it is possible to determine
the push or pull relationship at many stations, leading
to information about whether the earthquake is on a
reverse fault, a normal fault, or a strike-slip fault (as
illustrated in Figure 3-18, which indicates the
earthquakes was on a normal fault in which the
earthquakes wave pushed outward horizontally from
the hypocenter, similar to the 1993 Klamath Falls
Earthquake). Most earthquakes are not accompanied by
surface faulting, so the fault-plane solutions are the best
evidence of the type of fault causing the earthquake.
The fault generating the September 1993 Klamath Falls,
Oregon, Earthquakes did not rupture the surface, but
their fault-plane solutions showed that they were
caused by rupture of a normal fault striking
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approximately north-northwest, in agreement with the
local geology (for further discussion, see Chapter 6).
Seismic waves recorded digitally on broadband
seismographs are able to record many frequencies of
seismic waves. These can be analyzed to show that an
earthquake may consist of several ruptures within a few
seconds of each other, some with very different fault-
plane solutions.

a A video element has been excluded from this version
of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes/?p=65
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Figure 3-18. Use of first motion of seismic wave at several
seismographs (open boxes) to determine mode of earthquake
faulting. One seismogram shows a compression (first wave goes
up, reading from left to right), indicating that the first motion
was away from the source. Another shows a dilation (first wave
goes down), indicating that the first motion was toward the
source. A third is indeterminate, suggesting that it is on the
boundary between compression and dilation. From this, we can
determine that the earthquake was on a normal fault, even
though we don’t know which of the two planes is the true fault
plane. Lines are curved because of different speeds of seismic
waves in the Earth. Modified from Yeats et al. (1997), with
permission of Oxford University Press.

7. Measuring Crustal Deformation
Directly:
Tectonic Geodesy

As stated at the beginning of this chapter, Harry F. Reid
based his elastic rebound theory on the displacement
of survey benchmarks relative to one another. These
benchmarks recorded the slow elastic deformation of
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the Earth’s crust prior to the 1906 San Francisco
Earthquake. After the earthquake, the benchmarks
snapped back, thereby giving an estimate of tectonic
deformation near the San Andreas Fault independent of
seismographs or of geological observations. Continued
measurements of the benchmarks record the
accumulation of strain toward the next earthquake. If
geology records past earthquakes and seismographs
record earthquakes as they happen, measuring the
accumulation of tectonic strain says something about
the earthquakes of the future.

Reid’s work means that a major contribution to the
understanding of earthquakes can be made by a branch
of civil engineering called surveying: land
measurements of the distance between survey markers
(trilateration), the horizontal angles between three
markers (triangulation), and the difference in elevation
between two survey markers (leveling).

Surveyors need to know about the effects of
earthquakes on property boundaries. Surveying
normally implies that the land stays where it is. But
if an earthquake is accompanied by a ten-foot strike-
slip offset on a fault crossing your property, would your
property lines be offset, too? In Japan, where individual
rice paddies and tea gardens have property boundaries
that are hundreds of years old, property boundaries are
offset. Aland survey map of part of the island of Shikoku
shows rice paddy property boundaries offset by a large
earthquake fault in A.D. 1596.

The need to have accurate land surveys leads to the
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science of geodesy, the study of the shape and
configuration of the Earth, a discipline that is part of
civil engineering. Tectonic geodesy is the comparison of
surveys done at different times to reveal deformation of
the crust between the times of the surveys.

Following Reid’s discovery, the U.S. Coast and
Geodetic Survey (now the National Geodetic Survey)
took over the responsibility for tectonic geodesy, which
led them into strong-motion seismology. For a time, the
Coast and Geodetic Survey was the only federal agency
with a mandate to study earthquakes (see Chapter 13).

After the great Alaska Earthquake of 1964, the USGS
began to take an interest in tectonic geodesy as a way
to study earthquakes. The leader in this effort was a
young geophysicist named Jim Savage, who compared
surveys before and after the earthquake to measure the
crustal changes that accompanied the earthquake. The
elevation changes were so large that along the Alaskan
coastline, they could be easily seen without surveying
instruments: sea level appeared to rise suddenly where
the land went down, and it appeared to drop where the
land went up. (Of course, sea level didn't actually rise or
fall, the land level changed.)

Up until the time of the earthquake, some scientists
believed that the faults at deep-sea trenches were
vertical. But Savage, working with geologist George
Plafker, was able to use the differences in surveys to
show that the great subduction-zone fault that had
generated the earthquake dips gently northward,
underneath the Alaskan landmass. Savage and Plafker
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then studied an even larger subduction-zone
earthquake that had struck southern Chile in 1960
(Moment Magnitude My 9.5, the largest earthquake
ever recorded) and showed that the earthquake fault in
the Chilean deep-sea trench dipped beneath the South
American continent. Seismologists, using newly
established high-quality seismographs set up to
monitor the testing of nuclear weapons, confirmed this
by showing that earthquakes defined a landward-
dipping zone that could be traced hundreds of miles
beneath the surface. These became known as Wadati-
Benioff zones, named for the seismologists who first
described them. All these discoveries were building
blocks in the emerging new theory of plate tectonics.
In 1980, Savage turned his attention to the Cascadia
Subduction Zone off Washington and Oregon. This
subduction zone was almost completely lacking in
earthquakes and was thought to deform without
earthquakes. But Savage, resurveying networks in the
Puget Sound area and around Hanford Nuclear
Reservation in eastern Washington, found that these
areas were accumulating elastic strain, like areas in
Alaska and the San Andreas Fault. Then John Adams,
a young New Zealand geologist transplanted to the
Geological Survey of Canada, remeasured leveling lines
across the Coast Range and found that the coastal
region was tilting eastward toward the Willamette
Valley and Puget Sound, providing further evidence of
elastic deformation. These geodetic observations were
critical in convincing scientists that the Cascadia
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Subduction Zone was capable of large earthquakes, like
the subduction zones off southern Alaska and Chile (see
Chapter 4).

At the same time, the San Andreas fault system was
being resurveyed along a spider web of line-length
measurements between benchmarks on both sides of
the fault. Resurveys were done once a year, more
frequently later in the project. The results confirmed
the elastic-rebound theory of Reid, and the large
number of benchmarks and the more frequent
surveying campaigns added precision that had been
lacking before. Not only could Savage and his
coworkers determine how fast strain is building up on
the San Andreas, Hayward, and Calaveras faults, they
were even able to determine how deep within the
Earth’s crust the faults are locked.

After an earthquake in the San Fernando Valley near
Los Angeles in 1971, Savage releveled survey lines that
crossed the surface rupture. He was able to use the
geodetic data to map the source fault dipping beneath
the San Gabriel Mountains, just as he had done for
the Alaskan Earthquake fault seven years before. The
depiction of the source fault based on tectonic geodesy
could be compared with the fault as illuminated by the
distribution of aftershocks and by the surface geology
of the fault scarp. This would be the wave of the future
in the analysis of California earthquakes.

Still, the land survey techniques were too slow, too
cumbersome, and too expensive. A major problem was
that the baselines were short, because the surveyors
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had to see from one benchmark to the other to make a
measurement.

The solution to the problem came from space.

First, scientists from the National Aeronautical and
Space Administration (NASA) discovered mysterious,
regularly spaced radio signals from quasars in deep
outer space. By analyzing these signals simultaneously
from several radio telescopes as the Earth rotated, the
distances between the radio telescopes could be
determined to great precision, even though they were
hundreds of miles apart. And these distances changed
over time. Using a technique called Very Long Baseline
Interferometry (VLBI), NASA was able to determine the
motion of radio telescopes on one side of the San
Andreas Fault with respect to telescopes on the other
side. These motions confirmed Savage’s observations,
even though the radio telescopes being used were
hundreds of miles away from the San Andreas Fault.

Length of baseline ceased to be a problem, and the
motion of a radio telescope at Vandenberg Air Force
Base could be compared to a telescope in the Mojave
Desert, in northeastern California, in Hawaii, in Japan,
in Texas, or in Massachusetts. Using VLBI, NASA
scientists were able to show that the motions of plate
tectonics measured over time spans of hundreds of
thousands of years are at the same rate as motions
measured for only a few years—plate tectonics in real
time.

But there were not enough radio telescopes to equal
Savage’s dense network of survey stations across the
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San Andreas Fault. Again, the solution came from space,
this time from a group (called a constellation) of
NAVSTAR satellites that orbit the Earth at an altitude of
about twelve thousand miles. This developed into the
Global Positioning System, or GPS.

GPS was developed by the military so that smart
bombs could zero in on individual buildings in Baghdad
or Belgrade, but low-cost GPS receivers allow hunters
to locate themselves in the mountains and fishing boats
to be located at sea. You can install one on the
dashboard of your car to find where you are in a strange
city. GPS is now widely used in routine surveying. In
tectonic geodesy, it doesn't really matter where we are
exactly, but only where we are relative to the last time
we measured. This allows us to measure small changes
of only a fraction of an inch, which is sufficient to
measure strain accumulation. Uncertainties about
variations in the troposphere high above the Earth
mean that GPS does much better at measuring
horizontal changes than it does vertical changes;
leveling using GPS is less accurate than leveling based
on ground surveys.

NASA's Jet Propulsion Lab at Pasadena, together with
scientists at Caltech and MIT, began a series of survey
campaigns in southern California in the late 1980s, and
they confirmed the earlier ground-based and VLBI
measurements. GPS campaigns could be done quickly
and inexpensively, and, like VLBI, it was not necessary
to see between two adjacent ground survey points. It
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was only necessary for all stations to lock onto one or
more of the orbiting NAVSTAR satellites.

In addition to measuring the long-term accumulation
of elastic strain, GPS was able to measure the release
of strain in the 1992 Landers Earthquake in the Mojave
Desert and the 1994 Northridge Earthquake in the San
Fernando Valley. The survey network around the San
Fernando Valley was dense enough that GPS could
determine the size and orientation of the source fault
plane and the amount of displacement during the
earthquake. This determination of magnitude was
independent of the fault source measurements made
using seismography or geology.

In addition to measuring the long-term accumulation
of elastic strain, GPS was able to measure the release
of strain in the 1992 Landers Earthquake in the Mojave
Desert and the 1994 Northridge Earthquake in the San
Fernando Valley. The survey network around the San
Fernando Valley was dense enough that GPS could
determine the size and orientation of the source fault
plane and the amount of displacement during the
earthquake. This determination of magnitude was
independent of the fault source measurements made
using seismography or geology.

By the time of the Landers Earthquake, tectonic
geodesists recognized that campaign-style GPS, in
which teams of geodesists went to the field several
times a year to remeasure their ground survey points,
was not enough. The measurements needed to be more
frequent, and the time of occupation of individual sites
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needed to be longer, to increase the level of confidence
in measured tectonic changes and to look for possible
short-term geodetic changes that might precede an
earthquake. So permanent GPS receivers were installed
at critical localities that were shown to be stable against
other types of ground motion unrelated to tectonics,
such as ground slumping or freeze-thaw. The
permanent network was not dense enough to provide
an accurate measure of either the Landers or the
Northridge earthquake, but the changes they recorded
showed great promise for the future.

After Northridge,
geodetic networks were
established in southern
California, the San
Francisco Bay Area, and
the Great Basin area

including Nevada and

Utah. In the Pacific Figure 3-19. Global Positioning
System (GPS) survey, part of the
Northwest, a group of Pacific Northwest Geodetic
scientists including Herb Array (PANGA), of a rock

Drager f the Pacific outcropon the Snow Dome on
agert of the Pacilic " orth side of Mount

Geoscience Centre in OlympuS, Olymplc National
Sidney, B.C., and Meghan Park. Photo by Spencer Reeder,

Miller, then of Central Central Washington University
Washington University in

Ellensburg, organized networks for the Pacific
Northwest called the Pacific Northwest Geodetic Array
(PANGA) and Western Canada Deformation Array,
building on the ongoing work of Jim Savage and his

112 | Robert S. Yeats



colleagues at the USGS. Figure 3-19 shows a GPS
receiver being used to measure coseismic deformation
within the PANGA network, in this case in Olympic
National Park, where on eif the early GPS studies in
the Northwest was done under the direction of Jim
Savage. The permanent arrays are still augmented by
GPS campaigns to obtain more dense coverage than
can be obtained with permanent stations. The PANGA
array shows that the deformation of the North
American crust is relatively complicated, including
clockwise rotation about an imaginary point in
northeasternmost Oregon and north-south squeezing
of crust in the Puget Sound (Figure 3-20). This
clockwise rotation was not recognized prior to GPS, but
it is clearly an important first-order feature.
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Fig. 3-20. Crustal motion of
GPS stations relative to stable
North America based on GPS
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took
afterwards. Radar images
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North America; ellipses at
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produced by Rob McCaffrey,
Portland State University.

light waves. Using a
computer, the before and
after images were laid on
top of each other, and
where the ground had moved during the earthquake, it
revealed a striped pattern, called an interferogram. The
displacement patterns close to the rupture and in
mountainous terrain were too complex to be seen, but
farther away, the radar interferometry patterns were

simpler, revealing the amount of deformation of the

crust away from the surface rupture. The
displacements matched the point displacements
measured by GPS, and as with GPS, radar

interferometry provided still another independent
method to measure the displacement produced by the
earthquake. The technique was even able to show the
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deformation pattern of some of the larger Landers
aftershocks. Interferograms were created for the
Northridge and Hector Mine earthquakes; they have
even been used to measure the slow accumulation of
tectonic strain east of San Francisco Bay and the
swelling of the ground above rising magma near the
South Sister volcano in Oregon.

8. Summary

Earthquakes result when elastic strain builds up in the
crust until the strength of the crust is exceeded, and
the crust ruptures along a fault. Some of the fault
ruptures do not reach the surface and are detected
only by seismograms, but many larger earthquakes are
accompanied by surface rupture, which can be studied
by geologists. Reverse faults are less likely to rupture
the surface than strike-slip faults or normal faults. A
special class of low-angle reverse fault called a blind
thrust does not reach the surface, but does bend the
rocks at the surface into a fold called an anticline.
Paleoseismology  extends the description of
contemporary earthquakes back into prehistory, with
the objective of learning the slip rate and the
recurrence interval of earthquakes along a given fault.
In the last century, earthquakes have been recorded
on seismograms, with the size of the earthquake, its
magnitude, expressed by the amplitude of the
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earthquake wave recorded at the seismograph station,
and the distance the earthquake is from the
seismograph station based on the delay in arrival time
of slower shear (S) waves compared to compressional
(P) waves. A problem with measuring earthquake size
in this way is the broad spectrum of seismic vibrations
produced by the earthquake orchestra. A better
measure of the size of large earthquakes is the moment
magnitude, calculated from the area of fault rupture
and the fault displacement during the earthquake. In
addition to magnitude, seismographs measure
earthquake depth and the nature and orientation of
fault displacement at the earthquake source.

Earthquake intensity is a measure of the degree of
strong shaking at a given locality, important for
studying damage. Information from a dense array of
seismographs in urban areas, when combined with fault
geology and surface soil types, permits the creation of
intensity maps within five minutes of an earthquake,
which is quick enough to direct emergency response
teams to areas where damage is likely to be greatest.
Based on the better knowledge of the Earth’s crust in
well-instrumented areas, it is even possible to
determine the magnitude of earthquakes that struck in
the pre-seismograph era.

Tectonic geodesy, especially the use of GPS, allows
the measurement of long-term buildup of elastic strain
in the crust and the release of strain after a major
earthquake. If geology records past earthquakes and
seismography records earthquakes as they happen,
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tectonic geodesy records the buildup of strain toward
the earthquakes of the future.

9. Cascadia Earthquake Sources

The next three chapters describe the three sources of
earthquakes in the Pacific Northwest (Figure 3-21).
Chapter 4 describes the first and largest source, the
boundary between the Juan de Fuca-Gorda Plate and
the North America Plate, known as the Cascadia
Subduction Zone (solid red line in Figure 3-21). Chapter
5 describes deep earthquakes, largely onshore, within
the downgoing Juan de Fuca Plate, called slab
earthquakes. Chapter 6 describes earthquakes within
the North America Plate, including the Seattle fault in
Washington and two earthquakes in Oregon in 1993.
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Figure 3-21. Cascadia earthquake sources. Red line shows
Cascadia Subduction Zone, discussed in Chapter 4. Pink circles
identify earthquakes in the subducting Juan de Fuca Plate,
covered in Chapter 5, and yellow circles identify crustal
earthquakes, including the Seattle fault that sustained an
earthquake in about 900 AD, covered in Chapter 6.
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4. Cascadia Subduction
/one

“Then there were lightning flashes, rumblings,
and peals of thunder, and a great earthquake. It
was such a violent earthquake that there has
never been one like it since the human race
began on Earth.”

Book of Revelation 16:18

“Earthquake said, ‘Well, I shall tear up the earth.
Thunder said, ‘That’s why I say we will be
companions, because I shall go over the whole
world and scare them. ..." So [Thunder] began to
run, and leaped on trees and broke them down.
Earthquake stayed still to listen to his running.
Then he said to him, ‘Now you listen: I shall
begin to run.” He shook the ground. He tore it and
broke it in pieces. . . All the trees shook; some
fell”

Yurok legend told by Tskerkr of Espeu,

recorded by A. L. Kroeber
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1. Discoveries Beneath the Sea

It is late summer of 1989. Chris Goldfinger and Bruce
Appelgate, graduate students at Oregon State
University, and electronics technician Kevin Redman
of Williamson and Associates, are in the science lab
of OSU’s research ship Wecoma, looking on the TV
monitor at side-scan sonar imagery taken as the
Wecoma cruises above the base of the continental slope
along the Cascadia Subduction Zone off central Oregon.
The ship tows a “fish,” an instrument gliding thousands
of feet beneath the sea surface and emitting sound
signals that echo back from the sea floor to the fish
and are then transmitted to the lab aboard ship. On
the video screen, these images look like aerial photos,
showing the ocean floor in in black and white in
unprecedented clarity and detail. But these “photos” are
created from reflected sound waves, not reflected light.
The experience is like being in a balloon drifting slowly
through the sky, and looking down at a hitherto-unseen
landscape. It is late summer of 1989,

Suddenly Goldfinger sees a fault. Crossing the screen
in a straight line, it offsets by strike slip a sea-floor
channel and a landslide, and it buckles the sea floor into
a low hill. The image of the faulted channel on the video
screen looks oddly like a man with a guitar, so naturally
it becomes known as “Elvis” (Figure 4-1). Unfortunately,
that name doesn't stick, and it is formally named the
Wecoma Fault for the ship that found it.
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Figure 4-1. Elvis image, marking point of discovery of the
Wecoma Fault, which offsets a deep-sea channel about one
hundred meters (more than three hundred feet). Slip rate on this
left-lateral strike-slip fault is about one inch every four years.
Image acquired by SeaMarc 1A side-scan sonar, with sound
coming from bottom of image. (Elvis’s head and upper body,
holding a guitar, are at top of image.) Image courtesy of Chris
Goldfinger, College of Earth, Ocean, and Atmospheric Sciences,
Oregon State University.

Later, the research submarine Alvin would descend to
the pitch-black base of the continental slope, and
scientists in the crowded cockpit of the sub would
locate the fault zone in the glare of the headlights of
the sub and sample it. The rocks are strongly sheared,
with linear grooves, proof that this is a place where rock
grinds against rock.

Using side-scan sonar imagery and topographic
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mapping of the sea floor by the National Oceanic and
Atmospheric Administration (NOAA), Goldfinger would
find at least nine of these strike-slip faults off the
Washington and Oregon coast, cutting both the Juan
de Fuca Plate and the adjacent North American
continental slope. He and Mary MacKay of the
University of Hawaii would find active folds buckled
up as the Juan de Fuca Plate drives beneath the North
American continent (Figure 4-2). Their conclusion: the
lower part of the North American continent close to
the subduction zone is everywhere being crushed and
deformed into faults and folds, like snow on the front
of a snowplow blade. The source of the destruction:
a much larger fault, previously hidden, which slopes
gently landward beneath this highly deformed zone, as
shown by a seismic-reflection profile similar to those
acquired by the petroleum industry (Figure 4-2).
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Figure 4-2. Seismic-reflection profile of the Cascadia
Subduction Zone off central Oregon. West is to the left. Signals
from a ship were bounced off the sea floor and off more deeply
buried sediment layers, then echoed back to the ship, allowing a
profile to be made that shows the geology beneath the sea floor.
The flat sea floor on the left is the sediment-covered abyssal
plain of the Juan de Fuca Plate. The Cascadia Subduction Zone
has thrust highly deformed rocks of the North America Plate
over the flat Juan de Fuca Plate. The fault slopes gently to the
east. Sediment layers at the left are being forced under the edge
of the continent and, in addition, dragged up against the edge of
the continent as an accretionary wedge. Profile acquired in
1989 by Digicon for the National Science Foundation. Image
courtesy of LaVerne D. Kulm and Chris Goldfinger, College of
Earth, Ocean, and Atmospheric Sciences, Oregon State
University.

In oceanographic expeditions criss-crossing the base
of the continental slope, one of the world’s great
earthquake faults is slowly coming into view (Figure
4-3), a fault that carries the North American continent
on its back as it crushes the deep-sea sediment of the
Juan de Fuca Plate beneath it. For three decades after
the first discovery that Cascadia is an active subduction
zone, the fault itself could only be viewed by seismic-
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reflection profiles (Figure 4-2) and by relatively crude
depth soundings. With new technology developed by
NOAA, the fault can be imaged at the base of the
continental slope from Vancouver Island to northern
California. On the west side of the fault is the broad
sediment-covered plain of the Juan de Fuca Plate,
marked only by long, meandering channels carved by
sand-laden currents that flow along the sea floor
(Figure 4-4). This plain stretches away westward to the
Juan de Fuca Ridge (Figures 2-4, 4-5), where new
oceanic crust is formed by volcanoes at rifts along the
ridge axis.

DAISY. BANK FAULT

DAISY BANK

Figure 4-3a. Sidescan sonar image of Daisy Bank strike-slip
fault west of Newport. These structures are similar to those on
subaerial faults in California. Image from Chris Goldfinger.
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Figure 4-3b. 3D diagram showing how differences in thickness
of faulted layers can be matched to give total strike slip on fault.
If the age of the layers is known, the rate of slip on the fault may
be determined. Based on work by Chris Goldfinger.

East of the subduction-zone fault, the continental slope
rises as a rugged mountain wall, with fold ridges heaved
up where the plates converge (Figures 4-4, 4-5). The
lower part of the continental block is cut by west-
northwest-trending strike-slip faults (Figures 4-1, 4-3a,
b), formed because the Juan de Fuca Plate intersects
North America obliquely, and North America is
deformed like a stack of books on a shelf. Figure 4-3a
shows the Daisy Bank fault west of Newport, showing
structures similar to those formed by strike-slip faults
in California. If the ages of sedimentary layers are
known, the strike-slip rate on the fault may be
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determined (Figure 4-3b). Landslides off southern
Oregon, also related to subduction, are tens of miles
across. Off Washington, the continental slope is carved
into great submarine canyons, including the Astoria
Canyon off the coast of norther Oregon, west of the
mouth of the Columbia River (Figure 4-4). North of the
Astoria Canyon is another canyon, then another and
another, cutting deeply into the slope off Washington
(Figure 4-5). At the top of the slope is the continental
shelf, a flat surface carved during lower sea-levels of
the Ice Ages. East of that, finally, is the shoreline itself
(Figure 4-5).
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Figure 4-4. Computer-generated sea-floor image of the Oregon
continental slope west of Seaside and Cannon Beach, based on
sea floor topographic mapping by the National Oceanic and
Atmospheric Administration. Elongate hills are anticlines
formed by folding of sediment when plates collided at the
Cascadia Subduction Zone (marked “deformation front”). The
seaward end of the Astoria Submarine Canyon and Channel is
seen at upper left. Canyons such as this contain
turbidity-current deposits triggered by subduction-zone
earthquakes. Image courtesy of Chris Goldfinger, College of
Earth, Ocean and Atmospheric Sciences, Oregon State
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University.

Figure 4-5. Computer-generated map (Digital Elevation Model
or DEM) of Pacific Northwest, both on land and offshore. The
continental slope is the boundary between the continental
North American Plate and oceanic Juan de Fuca and Gorda
plates, which is the Cascadia Subduction Zone. North of
Vancouver Island, the boundary is the Queen Charlotte
strike-slip fault. The Gorda and Juan de Fuca ridges and Blanco
Fracture Zone are visible on the deep ocean floor. Note the
Mendocino Fracture Zone at the southern end of the DEM,
which is the boundary with the Pacific Plate to south.
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These submarine canyons were not eroded by running
water, as canyons on land are, because the continental
slope was never above sea level. They were cut during
the last few hundred thousand years, in the Pleistocene,
by slurries of water and sand brought to the sea by the
Columbia River, swollen with floodwater from melting
ice sheets in British Columbia and the Rocky
Mountains, and by other major rivers draining melting
glaciers in Puget Sound and surrounding mountains
and flowing west through the present Strait of Juan
de Fuca and down a broad valley south of the Olympic
Mountains of southwest Washington. The muddy and
sandy water was heavier than clear seawater, so it
churned violently down the continental slope like great
snow avalanches, carving the submarine canyons in the
process (Fig. 4-6). The avalanches traveled for hundreds
of miles, far out onto the Juan de Fuca Abyssal Plain.
When the currents finally stopped, the sediment settled
out as turbidites, sand and mud deposits named for the
turbid water that carried them.
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Figure 4-6. Diagrammatic representation of Cascadia turbidite
sand avalanche triggered by a subduction-zone earthquake.
Figure prepared by Kathleen Cantner, American Geosciences
Institute, used with permission.

In the ten thousand years since the Pleistocene, the
Columbia River floods have been smaller, more like they
are today, and they no longer have the energy to
generate the sediment avalanches that carved the
submarine canyons and deposited the thick turbidite
layers in the Pleistocene. However, Hans Nelson and
Gary Griggs, when they were graduate students at OSU
working under the direction of Professor LaVerne Kulm,
found thinner turbidite layers deposited within the
Pleistocene channels, even far out on the abyssal plain.
Interspersed among these turbidites is a layer of ash
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deposited on land by the cataclysmic eruption of Mt.
Mazama to form Crater Lake 7,700 years ago (Figure
4-7), then washed into the Columbia River by its
tributaries and carried out to sea. These turbidites were
clearly not related to the melting of Pleistocene
glaciers, so how could they have formed?
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Figure 4-7. Ten thousand year record of Cascadia Subduction
Zone earthquakes based on earthquake size. Strain builds up on
subduction zone and is released in a great earthquake (vertical
line). Time between earthquakes is variable, with the longest
interval 1100 years (between 4800 and 5900 years before
present) and the shortest interval less than 500 years (300-500
years before present). Size of earthquake is based on the
turbidite record, with the largest earthquake 8800 years ago,
much larger than the 1700 A.D. earthquake. From Chris
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Goldfinger and Goldfinger et al. (2014)

John Adams had been an invited guest at a meeting of
the Oregon Academy of Sciences in 1987 debating the
paradigm change of great earthquakes in the Pacific
Northwest (discussed in the Introduction). After the
meeting, Adams visited the core lab at OSU to study the
cores that Kulm’s students had taken many years before
to test his hypothesis that these turbidites had been
triggered by great earthquakes.

Adams found that three of the cores taken along the
length of the Cascadia deep-sea channel contained
thirteen turbidites deposited since the eruption of
Mazama Ash (Figure 4-7). Other cores from Juan de
Fuca submarine canyon, below the confluence of
several submarine canyons carving the continental
slope off Washington, had the same number of
turbidites above the Mazama Ash as in these canyons
upstream from the confluence (inset, Figure 4-5). If
turbidites in the upper canyons had been deposited by
local events limited to an individual stream flood, the
Juan de Fuca Canyon should have contained a much
larger number of turbidites because they would all have
collected downstream past the confluence. This
convinced Adams that the turbidites had not been
triggered by a local event within a single canyon but
a regional event that affected the entire Washington
and Oregon offshore as far south as the Rogue River
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submarine canyon (which also had thirteen turbidites
above the Mazama Ash).

Chris Goldfinger and Hans Nelson continued the
study of the turbidites, collecting additional cores and
subjecting them to radiocarbon dating. They dated the
shells of microscopic organisms within the layers of
fine-grained sediment that rained down into the
canyons, clay that was interrupted by each turbidite
(Figure 4-8). As in other paleoseismological work, they
could not date the turbidite directly, and thus the
earthquake that generated it. The turbidite would be
dated only as younger than one fine-grained sediment
layer and older than another.

|||||

mEE W A EEEELE

[N

Figure 4-8. Earthquake-generated Cascadia turbidity-current
deposit. The cores are dated using microfossils from the
fine-grained hemipelagic layer, deposited between successive
turbidites. Image courtesy Chris Goldfinger.
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Because thirteen turbidites had accumulated in the
7,700 years since the eruption of Mt. Mazama in most
of the submarine channels (some channels had fewer
turbidite layers), Adams had been able to determine the
average recurrence interval of Cascadia turbidites as
about six hundred years. Goldfinger and Nelson were
able to confirm this recurrence interval using the large
number of radiocarbon dates they obtained and, in
addition, to date older turbidites back to ten thousand
years ago. Just as a consistent thirteen turbidites had
accumulated since the Mazama Ash, eighteen turbidites
(Figure 4-9) had been deposited in the past ten
thousand years, a recurrence interval of more than five
hundred and fifty years. The presence of thirteen post-
Mazama turbidites in the Juan de Fuca, Cascadia,
Willapa, Grays, Astoria, and Rogue canyons
demonstrated to Goldfinger and Nelson that all
turbidites had been deposited by events that had
affected most, if not all, of the Cascadia Subduction
Zone. The only trigger that made sense was a
subduction-zone earthquake affecting the entire
Washington and Oregon offshore.
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Figure 4-9. Ten thousand years of earthquakes on the Cascadia
Subduction Zone. Vertical line represents size of earthquake
based on the turbidite deposit formed by it. Horizontal position
is based on radiocarbon ages of microfossils in fine-grained
mud deposits overlying and underlying each turbidite. Note
that some subduction-zone earthquakes were larger than the
most recent earthquake in AD 1700.

Figure 4-9 identifies Cascadia earthquakes that have
occurred in the past 10,000 years based on the turbidite
evidence illustrated in Figures 4-6, 4-7 and 4-8. It is
clear from Figure 4-9 that earthquake recurrence is not
periodic, meaning that the earthquake history does not
have value in predicting the next one except in a very
general way. Earthquake recurrence intervals vary from
200 years to more than a thousand years. In addition,
the earthquakes varied in magnitude, with the largest
events 5900 and 8800 years ago, considerably larger
than the magnitude 9 earthquake dated at 1700 A.D.
(Figure 4-9) and described in greater detail below.
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2. Earthquakes in the Estuaries
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Figure 4-10a. Niawiakum
estuary in Willapa Bay,
Washington, at very low tide,
showing roots of a coastal
forest drowned by sudden
subsidence during
earthquakes in 1700 AD and
around 1600 years ago. Photo
by Brian Atwater, USGS. b.
Same exposure examined by
paleoseismologist Jim
McCalpin. Forest is similar to
living forest in background.
Photo by Robert Yeats.
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Figure 4-11. Dead forest of western red cedar sticking up
through a brackish-water tidal marsh at Copalis River on the
Washington coast. The forest was Rilled during rapid
subsidence accompanying the most recent Cascadia Subduction
Zone earthquake. Tree rings from the dead trees provide
evidence that the trees died sometime after the end of the A.D.
1699 growing season and before the beginning of the A.D. 1700
growing season. This age is consistent with the date of this
earthquake based on a Japanese tsunami, discussed below. The
forest in the background is above the highest tides. Photo by
Brian Atwater, USGS
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Figure 4-12. The Pacific
Northwest coast locating sites
of coseismic subsidence on the
coast from Vancouver Island to
northern California (open
circles). From Sixes River to
Vancouver Island, subsidence is
due to subduction-zone
earthquake. Subsidence at
Humboldt Bay is related to
crustal faulting (see Chapter 6).
Active offshore faults and folds
are also shown. Heavy line is
the edge of the continental
shelf. Image courtesy of Lisa
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It was in the bays and
along  the
coastline that the most

estuaries

conclusive evidence for
great earthquakes was
found by Brian Atwater
and his American and
Canadian colleagues, as
stated in the
Introduction (Figures
4-10a, b, 4-11). From Port
Alberni, at the end of a
deep fjord on the west
coast of  Vancouver
Island, to Sixes River in
southern Oregon, and at
many bays and estuaries
in between (Figure 4-12),
the give
evidence of sudden drops
in the land level. The
marshes and forests were

sediments

found to be overlain
directly by gray clay with

marine microfossils
(Figure  4-10), which
Atwater could explain
only by sudden

the
coastline. Some of these

subsidence of



McNeill of Southampton drops appeared to have
University and Chris been accompanied by

Goldfinger of OSU. great waves from the sea
that deposited sand on
the marsh deposits (Figure 8-12). The last of these
waves struck about three hundred years ago. Atwater’s
explanation was the catastrophic explanation: great
earthquakes on the subduction zone.

Scientists from Japan, England, and New Zealand,
including specialists in the ecology of marshes and
estuaries, critically scrutinized this evidence to look
for defects in Atwater’s earthquake hypothesis and to
search for another, less apocalyptic, explanation. They
were unable to find support for a non-seismic
explanation for any of seven marsh soils buried at
Willapa Bay in southwest Washington. For some of the
buried marsh deposits, however, the evidence is
ambiguous. These could have other origins such as
gigantic Pacific storms or changes in the configuration
of the estuary itself. But all soon agreed that the burial
of marshes that took place three hundred and sixteen
hundred years ago, at least, was caused by sudden
submergences of the coast at the time of two great
Cascadia earthquakes (Figure 4-10 and 4-11). Later,
other burials would also be blamed on earthquakes.
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3. The Bad News

The new discoveries went against the long-held view
that the Cascadia Subduction Zone was not a seismic
hazard. Most subduction zones around the world are
shaken by frequent earthquakes, some of magnitude
9 or greater. But not Cascadia, which has been as
seismically quiet as Kansas. At first, it was believed that
the apparent absence of recorded earthquakes might
be because the Juan de Fuca Plate is no longer
subducting beneath North America. The eruption of Mt.
St. Helens on May 18, 1980, was a dramatic
demonstration that subduction is still going on.

Then it was suggested that the absence of recorded
earthquakes is due to relatively few seismographs in
the Pacific Northwest. But in the last thirty years, the
University of Washington, the USGS, and the Geological
Survey of Canada have deployed an extensive network
of seismographs throughout the region. This
sophisticated network recorded many earthquakes in
the continental crust and within the subducting Juan de
Fuca Plate, but almost none precisely on the subduction
zone itself (Figure 4-13, left). Are land-based seismic
network sensitive enough to record smaller
earthquakes on the subduction zone?

In the past decade, the U. S. Navy has opened access
to the hydrophone arrays it had established to monitor
enemy submarines by recording the sound waves from
their engines. These hydrophone arrays record not only
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submarine-engine noise, but also record volcanic
activity at sea-floor spreading centers, whale calls—and
earthquakes. Research by Bob Dziak and his colleagues
at NOAA shows that SOSUS arrays reveal
unprecedented details about the seismicity of the Juan
de Fuca spreading ridge and other sea floor features.
But even at those listening levels, the subduction zone
remains quiet (Figure 4-13, right). Why?
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Fig. 4-13. Seismicity of the offshore Pacific Northwest and
Vancouver Island based on land networks of seismographs (left)
and a highly-sensitive hydrophone array (Sound Surveillance
System, or SOSUS) that transmits sound through the water
column (right). Even at this sensitivity, the Cascadia Subduction
Zone is not generating earthquakes in the region between
southern Vancouver Island and northern California. The large
number of earthquake off northern Vancouver Island are on the
Explorer Plate; much of the Gorda Plate is seismically active
due to internal deformation. But not the subduction zone. From
Bob Dziak, NOAA and OSU.

For a long time, it was thought (perhaps “hoped” is a
better word) that the absence of earthquakes meant
that the slippery subduction zone slides smoothly
beneath the continent. Subduction  without
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earthquakes was still being suggested in a paper in a
major scientific journal as recently as 1979. But in 1980,
as mentioned in the preceding chapter, Jim Savage of
the USGS and his colleagues began repeated
measurements of networks of surveying benchmarks
around Seattle, in Olympic National Park (Figures 3-19,
3-20), and the Hanford Nuclear Reservation. Their
conclusion: these networks show that the crust is being
slowly deformed in a way that is best explained by
elastic strain building up in the crust, like the examples
in Figures 3-2 and 3-3. The obvious source of this strain:
the Cascadia Subduction Zone. The reason that there
have been no earthquakes on the subduction zone is an
ominous one: the subduction zone is locked. Completely
locked! If this is the case, then strain must ultimately
build up along the subduction-zone fault, inexorably, at
1.6 inches per year, until eventually the subduction zone
will rupture in a massive earthquake.

At about the same time (as already reported in the
Introduction), John Adams, then of Cornell University,
was studying the resurveys of highway benchmarks and
discovering that the coastal regions of Oregon and
Washington are being slowly tilted eastward. A few
years later, Heaton and Kanamori showed that the
geophysical setting of Cascadia is like that of southern
Chile, where the largest earthquake of the twentieth
century struck in 1960. A short time after that, in 1986,
Brian Atwater paddled up the Niawiakum River estuary
in his kayak and discovered the submerged marshes
and forests of Willapa Bay (located in Figure 4-10).
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For about ten years, starting in the late 1970s, the
argument raged among scientists about whether or not
the Cascadia Subduction Zone poses an earthquake
threat, triggered by a major economic and political
issue: was it safe to build and operate nuclear power
plants in western Washington and Oregon and
northern California? Proponents of the big-earthquake
hypothesis were led by scientists of the USGS,
influenced by geodesists such as Jim Savage who were
re-surveying benchmarks, and later by geologists like
Brian Atwater. As described in the Introduction, it was
only in 1987 that the controversy was finally resolved
at the Oregon Academy of Sciences meeting in
Monmouth, Oregon, where it was recognized that the
paradigm change had occurred, at least among
scientists. Most of the leading Cascadia earthquake
researchers agreed at this meeting that the Cascadia
Subduction Zone does indeed pose a major earthquake
threat. When a paradigm change takes place,
particularly for a topic that has such an impact on
society, scientists take on a new mission: to inform the
general public of the consequences and implications of
this new discovery. This book is part of that missions

Even though there was general agreement that there
would be huge earthquakes on the Cascadia Subduction
Zone, a new debate began over how big the expected
earthquake would be. Would it be of magnitude 8 or
9? This difference is not, as some have suggested,
analogous to being struck by a tractor-trailer or a
compact car!
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Although there is agreement that the absence of
seismicity on the subduction zone cannot be used as
evidence for an absence of subduction-zone
earthquakes, the question arises: why does Cascadia
lack any seismicity on the subduction zone itself?
Figure 4-13 shows that the northern and southern ends
of the subduction zone in the Explorer and Gorda plates
have seismicity, probably due to internal plate
deformation. In addition, the southern end of the
subduction zone was struck by an earthquake of
magnitude 7.1 on April 25, 1992. Only the central part
between southern Vancouver Island and northern
California lacks seismicity on the subduction zone. Ivan
Wong, a consulting seismologist with Oregon roots,
examined this problem and pointed out that the only
part of the subduction zone that lacks earthquakes
contains a huge slab of basalt crust many kilometers
thick called Siletzia. This thick slab serves as an
insulator against the high temperatures of young
incoming crust of the Juan de Fuca Plate. Is this why
there are no earthquakes on the subduction zone in this
part of Cascadia? This problem needs further work, and
I return to it later in the chapter.
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4. Instant of Catastrophe or Decade of
Terror?

After Atwater’s discovery at Willapa Bay, other
scientists found evidence of marshes buried by sudden
subsidence accompanying earthquakes at South Slough
near Coos Bay in southern Oregon, at Salmon River
near Lincoln City, Oregon, at Nehalem Bay and Netarts
Bay in northern Oregon, at the mouth of the Copalis
River in Washington, and at Port Alberni and Ucluelet
on the Pacific coast of Vancouver Island (Figure 4-12).
Carbon from buried soils and from drowned tree trunks
was sent to radiocarbon labs for dating. The result: the
youngest marsh burial occurred about three hundred
years ago at nearly all sites along the Cascadia
Subduction Zone from British Columbia to southern
Oregon. If this was caused by a single earthquake, as
the similarity in radiocarbon ages would suggest, that
earthquake would have a moment magnitude (My) of
9, close to the size of the great Alaskan earthquake of
1964. It would rank among the largest ever recorded.

A common saying among geologists is that what has
happened, can happen. If the earthquake three hundred
years ago was a magnitude 9, the next subduction-zone
earthquake could also be a 9. If this were to happen,
what would be the impact on our society?

All  of western Washington and Oregon,
southwesternmost British Columbia, and Del Norte and
Humboldt counties in north-coastal, California would
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be devastated by a magnitude 9 earthquake, so that
emergency response teams would have to come from
inland cities or from central and southern California.
Intense shaking from a magnitude 9 event would last
two to three minutes or longer; a magnitude 8 event
would have strong shaking for about half that time. A
building might survive strong shaking lasting a minute,
but not two or three times as long. For comparison,
the strong shaking for the Kobe and Northridge
earthquakes each lasted less than thirty seconds. Some
of the shaking during these smaller earthquakes was
as strong as that expected for a great subduction-zone
earthquake; it just didn’t last as long.

This shaking would trigger landslides throughout the
Coast Range, Olympic Mountains, and Vancouver
Island, in Puget Sound and the Willamette Valley, and
even on the continental slope, where landslides could
trigger tsunamis. For even a magnitude 8 event, large
sand bars like those at Long Beach, Washington, or
at the mouth of Siletz Bay, Oregon, could become
unstable, as would low-lying islands in the tidal reaches
of the lower Columbia River. The Pacific coastline
would drop permanently, as shown in Figures 4-10 and
4-11, as much as two to four feet, inundating low-lying
areas such as Coos Bay, Yaquina Bay, Siletz Bay,
Tillamook Bay, Cannon Beach, Seaside, and Astoria,
Oregon, and Long Beach and Grays Harbor in
Washington.

Seismic sea waves, or tsunamis, could be as high as
thirty to forty feet with a magnitude 9 earthquake, but
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less than half that with an 8. Fifteen to thirty minutes
after the mainshock had died away, the first of several
tsunami waves would strike. In some cases, the water
would first rush out to sea, exposing sea floor never
before seen as dry land, but a short time later, a wall
of water would rush inland, sweeping the sand from
barrier bars inland, overwhelming beach houses and
bayfront boutiques and restaurants as far as several
blocks away from the sea. These destructive waves
would be repeated several times.

The mainshock would be followed by aftershocks,
some with magnitudes greater than 7, large
earthquakes in their own right. These aftershocks
would continue at a diminishing rate for many years.
For a magnitude 8 earthquake, aftershocks would affect
a limited part of the Pacific Northwest perhaps two
to three hundred miles long, but for a magnitude 9
event, the entire Northwest from Vancouver Island to
northern California would be shaken.

Because a magnitude 9 earthquake would devastate
such a large area, it would have catastrophic effects
on the economy of the Northwest, the ability of
government to serve the people, and the ability of
insurance companies to pay their claims. The economic
effects of a magnitude 8 event would be great, but not
as cataclysmic as those of a magnitude 9 because a
much smaller area would be affected. If a magnitude
8 earthquake originated west of the mouth of the
Columbia River, it would severely damage the Portland
metropolitan area, but would have lesser effects on the
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cities of Puget Sound or the southern Willamette Valley.
Emergency response teams from those areas could
come to the aid of Portland and adjacent communities
in Oregon and Washington. There would be less
damage, fewer insurance claims, less destructive
effects on the overall economy of the United States and
Canada than from a magnitude 9 earthquake. I return to
the effects on society in a later chapter.

A diagram illustrating the buildup and release of
strain in the next great Cascadia earthquake is shown
as Figure 4-14.

a A video element has been excluded from this version
of the text. You can watch it online here:

https: //open.oregonstate.education/earthquakes/?p=94
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Figure 4-14. (Right) Cross section showing buildup of elastic
strain in North American continental edge before an
earthquake, then sudden release (elastic rebound) during
earthquake, causing the outermost part of upper plate to go up
and an inner part to go down. The Vancouver Island,
Washington, and Oregon coast should go down and the
northern California coast should go up, according to this model.
Modified from Brian Atwater, U.SGS. (Left) Map of part of
southern Alaska, showing parts of the crust that went down in
the great 1964 earthquake (Mw 9.2) and parts that went up.
Numbers show subsidence (down arrows) or uplift (up arrows)
in meters. Uplift and subsidence accompanying this earthquake
were used to model uplift and subsidence accompanying a
Cascadia Subduction Zone earthquake. Images courtesy of Chris
Goldfinger, College of Earth, Ocean, and Atmospheric Sciences,
Oosu.

How do we learn whether the last earthquake was a
magnitude 8 or a 9?7 Radiocarbon dates can provide
accuracy to within a few decades, which is not proof
that all the marshes and estuaries were buried at the
same time from Vancouver Island to southern Oregon.
In southwest Japan, the Nankai Subduction Zone broke
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in two magnitude 8 earthquakes, one in 1944, while
Japan was in the throes of World War II, and one in 1946,
when the country was trying to rebuild after the end
of the war. If these earthquakes had not been recorded
historically, radiocarbon dating could not have provided
evidence that these were two separate earthquakes;
the numbers could just as likely have documented one
great earthquake rather than the two that actually
occurred. Gary Carver of Humboldt State University
points out the dilemma: one gigantic earthquake
(“instant of catastrophe”) versus a series of smaller ones
(“decade of terror”) about three hundred years ago.
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Tree-ring dating can
get closer to a true date
than radiocarbon dating
can (Figure 4-15. Gordon

Jacoby of  Columbia
University and Dave
Yamaguchi of the

University of Washington
compared the pattern of
growth rings of trees
killed in several estuaries
in southwest
Washington. Variations in
the growth patterns of
trees from year to year,
related to unusual wet
seasons or drought years,
allowed these scientists
to use radiocarbon dating
to conclude that trees in
four of these estuaries
were inundated some
time between August
1699 and May 1700,

strong evidence that the
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Figure 4-15. Dating earthquakes
in coastal estuaries, from
Gordon Jacoby, Columbia
University. Bands indicate
width of individual annual tree
rings, which have been
correlated and dated by 14C.
The victim tree grew close to
sea level and was killed when
the ground subsided during a
great earthquake. Radiocarbon
dating can determine the age to
within a few decades.

estuaries were downdropped at the same time by an

earthquake of magnitude greater than 8. However, at

that time, these correlations had not been extended

north to Vancouver Island or south to California, which
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would strengthen the case for a single magnitude 9
earthquake.

Clifton Mitchell and Ray Weldon of the University of
Oregon studied re-levelings of U. S. Highway 101 along
the coast from Crescent City, California, to Neah Bay,
Washington, taking advantage of a more accurate
leveling survey carried out after John Adams had
published his results. They found that over the past fifty
years, southern Oregon, the mouth of the Columbia
River, and northwest Washington have been rising at
about an inch or more every ten years (Figure 4-16,
map on left side). But the central Oregon coast around
Newport and the area around Grays Harbor,
Washington, are hardly uplifting at all. This suggested
to them that only some parts of the Cascadia
Subduction Zone are building up elastic strain. Imagine
irregular hang-ups or strong points (called asperities)
along the subduction zone that concentrate all the
strain and localize the uplift, separated by other regions
where strain is not accumulating. The zones of little or
no strain around Newport and Grays Harbor could have
terminated the rupture, preventing it from shearing off
the next asperity to the north or south. This line of
reasoning supported the “decade of terror” hypothesis
of several smaller earthquakes rather than one
humongous one.
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Figure 4-16. Map of the Cascadia Subduction Zone showing
contours of uplift in the past fifty years in millimeters, from C.
Mitchell and R. Weldon, University of Oregon (left) and from R.
Hyndman and K. Wang, Pacific Geoscience Centre (right).
Mitchell and Weldon showed the complexities of the data based
on releveling highways in western Oregon and Washington,
supporting a smaller maximum earthquake on the subduction
zone. Hyndman and Wang, on the other hand, smoothed out the
data to fit their idea that the maximum earthquake could be of
magnitude 9. Faults and folds crossing the subduction zone and
adjacent North America Plate led R. McCaffrey and C.
Goldfinger to suggest that the maximum earthquake would be
much smaller than a magnitude 9. But the Japanese tsunami
evidence favors a magnitude 9!

But Roy Hyndman and Kelin Wang of the Pacific
Geoscience Centre at Sidney, B. C., argued that the
earthquake is more likely to be a 9 rather than an 8.
Using temperature estimates in the crust on Vancouver
Island and offshore, they calculated which parts of the
subduction zone would be stuck and which parts would
slide freely due to higher temperature at greater depth.
They also measured the changes in leveling lines across
Vancouver Island and the Georgia Strait. They
compared their leveling data with uplift of the land
with respect to sea level, taking advantage of the fact
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that they could use three coastlines: both sides of
Vancouver Island and the mainland coast northwest of
Vancouver. Hyndman and Wang calculated where the
brittle-ductile transition would be, together with a
deeper transition zone that would be brittle under
rapid strain and ductile under slow strain (like Silly
Putty). This can be seen in Figure 2-1, except that the
brittle-ductile transition would be along the
subduction-zone fault itself. Their model predicted that
the next great earthquake would rupture the entire
subduction zone from Canada to California, a
magnitude 9 rather than an 8 (Figure 4-16, right-hand
map).

Chris Goldfinger had long been an advocate of the
smaller-earthquake hypothesis. However, his study of
the Holocene turbidites convinced him otherwise.
There are the same number of turbidites in Rogue River
submarine canyon off southern Oregon as there are in
the submarine canyons off the coast of Washington,
which provided support for an earthquake of
magnitude 9. However, further dating of turbidites
showed that some turbidites were limited to the
southern part of the subduction zone, evidence that
some of the subduction-zone earthquakes were limited
to the southern part of the subduction zone. This
means that the recurrence interval estimated for
subduction-zone earthquakes in southern Oregon and
northern California would be shorter than for
magnitude 9 earthquakes rupturing the entire
subduction zone. Goldfinger suggests that the average
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recurrence interval for smaller southern Cascadia
earthquakes has already exceeded the historical record.

Additional evidence for the most recent earthquake
came from Japan.

5. A Japanese Tsunami from Cascadia: A
Detective Story

The difficulty in figuring out the maximum size of a
Cascadia earthquake, of course, is the lack of local
historical records at the time the last great subduction-
zone earthquake struck the Pacific Northwest. But
there is one last chance. Suppose the earthquake
generated a tsunami that was recorded somewhere else
around the Pacific Rim where people were keeping
records. This leads us to Japan, the first country on the
Pacific Ring of Fire to develop a civilization that kept
written records.
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a A video element has been excluded from this
version of the text. You can watch it online here:
https: //open.oregonstate.education /earthquakes,/?p=94
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Figure 4-17. (Top) Wave fronts of tsunami accompanying the 1960
Chilean Earthquake (Mw 9.5) in hours, as tsunami crossed Pacific.
(Bottom) Tide gauge record of 1960 tsunami recorded at Miyako,
Japan, in hours. From K. Satake, University of Tokyo.

In May 1960, an earthquake of moment magnitude 9.5,
the greatest earthquake of the twentieth century,
struck the coast of southern Chile. This earthquake
generated a large tsunami that traveled northwestward
across the Pacific Ocean and struck Japan twenty-two
hours later, causing one hundred forty deaths and great
amounts of damage (Figure 4-17). Cascadia is closer to
Japan than Chile, and if a magnitude 9 earthquake
ruptured the Cascadia Subduction Zone, a resulting
tsunami might have been recorded in Japan. The height
of the tsunami wave might give evidence about whether
the magnitude was 9 or only 8.

The southwestern part of Japan, closer to the ancient
civilization of China, developed first, and its first local
subduction-zone earthquake was recorded in A.D. 684.
Records of earthquakes, tsunamis (tsunami is derived
from the Japanese characters for “harbor wave”), and
volcanic eruptions were kept at temples and villages,
principally in southwest Japan until A.D. 1192, when the
government was moved to the fishing village of
Kamakura on Tokyo Bay, leaving the emperor in isolated
splendor far to the west, in Kyoto. In A.D. 1603, the
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Tokugawa rulers moved the administrative capital
farther north to Edo, another small outpost which
would become the modern capital of Tokyo. By this
time, the entire Pacific coast of Honshu, which faces
Cascadia, had been settled, and written records were
being kept throughout Japan.

= T s At the time, the

Japanese did not
necessarily = make a
connection between
earthquakes and
tsunamis, but

compilation of these
ancient  records by

Figure 4-18. Computer model of L.
Cascadia subduction-zone Japanese scientists and

earthquake, from Kenji Satake  historians in recent years
and his colleagues at the

University of Tokyo.

shows that most of the
tsunamis recorded from
the earliest times were related to the great subduction-
zone earthquakes that frequently struck the Japanese
Home Islands. But a few tsunamis did not accompany a
local earthquake. Japanese investigators were able to
correlate most of these mysterious “orphan” tsunamis
to subduction-zone earthquakes in South America,
where local records were kept. Earthquakes in Peru in
A.D. 1586 and 1687, before the Cascadia earthquake, and
in Chile in A.D. 1730 and 1751, after the event, produced
tsunamis that were recorded in Japan.

But Kenji Satake, then at the University of Michigan
and now at the University of Tokyo, found records
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written in classical Japanese for one tsunami that could
not be correlated to a local Japanese earthquake and
had no apparent source in other subduction zones
around the Pacific where records were kept, including
South and Central America and the Kamchatka
Peninsula north of Japan. On January 27 and 28, A.D.
1700, this tsunami produced waves as high as nine feet
that were recorded at six different coastal sites on the
main island of Honshu (Fig. 4-19) from the far north,
near Hokkaido, to the Kii Peninsula south of Kyoto, still
the imperial capital of Japan. Houses were damaged,
and rice paddies and storehouses were flooded. The
distribution of recording sites along most of the Pacific
coast of Honshu ruled out a local source of the tsunami,
such as a submarine landslide or volcanic eruption. This
became known as the “orphan” tsunami, a tsunami
without an earthquake source.

Living With Earthquakes | 167



1960 1700

Chile  Cascadia FEET METERS

0 300 MILES 5
| \‘ ‘ Ho [
0 300 KILOMETERS | L
N ‘ /| Lo Lo
Miyako\\ \’l
N 0 3
Onagawa -, A | | ? ‘I.I_54
~ ! . w
TOKYO # 00 =
[P
JAPAN \\’A\/ 10 73 %
L \ | r =
, | 2
G "f‘f"j—’// I S =
A
7\ | | 03
0 0

Figure 4-19. Computer model of the tsunami resulting from a
great earthquake on the Cascadia Subduction Zone on January
26, A.D. 1700. The tsunami has already reached southern Alaska,
and the first wave is about to reach the Hawaiian Islands. Japan
is at far left. Note how far individual waves are separated from
one another, and how high the waves are west of Cascadia, in
the direction of seismic wave propagation, compared to waves
off Baja California, at lower right. As shown by wave heights
observed in Japan, subduction-zone earthquakes in Chile and
Cascadia have caused tsunamis that were large even after
crossing the Pacific Ocean. From K. Satake, University of Tokyo.

At an earthquake conference at Marshall, California, in
September 1994, Satake was having lunch with Alan
Nelson of the USGS. Nelson had been worrying about
whether buried marshes at Coos Bay, Oregon, had been
downdropped by earthquakes or by some other means.
He explained to Satake that subsided marshes along
the Northwest coast from Vancouver Island to southern
Oregon had all been radiocarbon dated as about three
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hundred years old. These dates could not be pinned
down closer than a few decades around A.D. 1700
because of limitations in the radiocarbon and tree-ring
dating methods (Fig. 4-15). Could the Japanese tsunami
of that year have been the result of a great Cascadia
earthquake?

First, Satake and his Japanese coworkers had to
exclude all other subduction zones around the Pacific
Rim that, like Cascadia, were not settled by people
keeping records in A.D. 1700, for example, Alaska and
the Aleutian Islands. But the great 1964 Alaska
Earthquake of M 9.2, the second largest earthquake
of the twentieth century, had generated only a very
small tsunami in Japan, although, as will be seen in
Chapter 9, it produced a destructive tsunami in the
Pacific Northwest. This was due to the orientation of
the Aleutian Subduction Zone, which is parallel to Japan
rather than perpendicular to it, so that the largest
tsunamis were propelled to the south and southeast,
away from Japan. The Kamchatka-Kurile Islands
Subduction Zone was another possibility, but explorers
and traders were there as early as the 1680s, and again,
the orientation of the subduction zone was parallel to
Japan. By process of elimination, this left Cascadia.

Could the tsunami have been caused by a local
typhoon? The records for the day of the tsunami show
that central Japan had sunny or cloudy weather and
was not visited by a storm. In addition, even a gigantic
“storm of the century” should have produced a more
localized distribution of tsunamis than was observed.
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A monster typhoon could have struck all the recording
sites, but not all at the same time. It would have swept
along the coast from south to north, or from north to
south. In addition, most typhoons in Japan strike during
the summer months, and would be most unusual in
January.

Satake knew how fast tsunamis travel in the open
ocean, about the speed of a commercial jetliner. By
backtracking the tsunami across the Pacific to the
Cascadia coastline, he calculated that if the earthquake
generating the tsunami had come from Cascadia, it
would have struck about 9 p.m. on January 26, 1700.
Satake’s computer model of a Cascadia tsunami on its
way to Japan is shown in Figure 4-18. In addition, his
computer 