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DEEP EARTHQUAKES

This is the first book to present a comprehensive description and discussion of
‘deep earthquakes’ — earthquakes with origins deeper than 60 km, including some
with depths as great as 650-700 km. Deep earthquakes are scientifically important
because they account for approximately one-quarter of all earthquakes; because
a few are very large and damaging; because they provide much of the data that
constrain our knowledge of Earth structure and dynamics; and because scientists
still don’t fully understand the mechanical processes that allow them to occur.

The first three chapters explain what deep earthquakes are, why they are impor-
tant, and how they were first discovered. The next three chapters describe the
distributions of their depths and size, evaluate how they cluster in both time and
space, and review observation about their source properties. There are then three
chapters that discuss theories for the origin of deep earthquakes and the significance
of deep earthquakes for contemporary science. The final chapter is a comprehen-
sive geographic summary of the literature about deep seismicity for 27 individual
terrestrial regions and the Earth’s Moon.

Deep Earthquakes presents a comprehensive, topical, historical, and geographi-
cal summary of deep earthquakes and related phenomena. It will be of considerable
interest to researchers and graduate students in the fields of earthquake seismology
and deep Earth structure.

CLIFF FROHLICH received a Ph.D. in physics from Cornell University in 1976.
Since 1978 he has been employed as a research scientist at the University of Texas
at Austin where he is now Associate Director of the Institute for Geophysics.
The majority of his many scholarly publications concern deep earthquakes, the
statistical analysis of earthquakes catalogs, and regional tectonics. His first book,
Texas Earthquakes, coauthored with Scott D. Davis, was published in 2002. Dr
Frohlich also has a keen interest in the physics of sport and is the author of a paper
on the physics of diving and gymnastics for Scientific American.
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Preface

Why write a book on deep earthquakes?

On 21 January 1906 an earthquake with My of 7.4 occurred at a depth of 340
km beneath Japan. Fusakichi Omori, one of the world’s finest seismologists of
that time, located the event using (S-P) intervals, and concluded that at several
Japanese seismograph stations the P waves were transverse and the S waves were
longitudinal. This puzzled Omori, so he published a paper about this a year later
(see Fig. 0.1 and Chapter 3). So began the story of deep earthquakes — Omori’s
(1907) paper is among the earliest publications in my collection of references on
deep earthquakes.

Of course, for many reasons, Omori wouldn’t have told the story of the beginning
quite this way. In 1907 the magnitude scale hadn’t yet been invented, and Omori’s
paper never uses the terms “P”, “S”, or “(S-P) interval”; rather, it mentions the
“Ist displacement,” the “2nd displacement,” and the “duration of 1st preliminary
tremor.” Omori also didn’t know that the earthquake was deep; indeed, he didn’t
even know that “normal” earthquakes occurred at depths of 40 km or less. Our
perspective on earthquakes has changed considerably since 1907; my collection of
references on deep earthquakes now has more than 2000 entries. We have learned
a great deal about earthquakes over the past 100 years. For example, one thing
we have learned is that deep earthquakes are quite common — nearly a third of all
earthquakes located by the International Seismological Centre have focal depths
exceeding 60 km; of these, about one fifth exceed 300 km.

The purpose of this book is to summarize what a century of research has taught us
about deep earthquakes, i.e., earthquakes with focal depths of 60 km and greater. As
far as I can tell, no one has written a summary book about deep earthquakes — ever.
Thus, I submit that the passage of 100 years, the appearance of 2000 publications,
and the absence of any other book marks a good time to review what we now know
about deep earthquakes.

viii
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Preface ix

Fig. 0.1 Reproduction of Omori’s 1907 figure summarizing his observations of
the Japan earthquake of 21 January 1906. The arcs indicate event-station dis-
tances determined from (S-P) intervals recorded at Tokyo, Mt. Tsukuba, Mito, and
Miyako. Omori assumed that the earthquake was shallow and occurred east of
Japan where the arcs crossed; a modern location (Abe, 1985) finds that it was deep
and 360 km further west (circle labeled “Abe’”). Roman numerals I and II show
the boundaries of the area of “slight motion” and “strong motion,” respectively.

So, what do we know, and what don’t we know? Even if you take the time
to read all those 2000 publications, the answers aren’t straightforward. This is
because research papers don’t report only established facts or observations; they
also interpret these observations and attempt to explain them with models and
speculation. Thus, much that the literature reports isn’t well established — it often
isn’t even true. For example, for the 1906 earthquake Omori concluded that P waves
were transverse and S waves were longitudinal because he believed all earthquakes
occurred at shallow depths and thus the (S-P) intervals proved his event occurred
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X Preface

east of his seismograph station, offshore of Japan (see Fig. 0.1). He was wrong, of
course, because his model of earthquake location was wrong; in fact the earthquake
was deep and situated almost directly beneath the recording stations.!

Omori’s mistake exemplifies a central theme of this book — that basic observa-
tions are the true essence of what we know. A model only helps us organize our
observations; we simply throw it away when it doesn’t serve us. Because one is
never sure which models will survive, in this book I strive to distinguish between
what the observations teach us about deep earthquakes, and what we think we know
from models.

Of course, models are wonderfully useful for organizing data, for helping us
recognize which observations are ordinary and which are interesting. For exam-
ple, a few years after H. H. Turner announced that some earthquakes appeared to
have depths as great as 400 km (Turner, 1922; see Chapter 3), Harold Jeffreys pub-
lished a characteristically thorough analysis demonstrating why this wasn’t possible
(Jeftreys, 1928), asserting that “most earthquakes, including all large earthquakes,
have focal depths not exceeding about 35 km.” Jeffreys, besides being an earth-
quake seismologist, was an authority on isostasy and the thermal history of planets.
His models explaining how the lithosphere supported mountains told him that the
Earth’s lithosphere could only be 30-100 km thick. How then can earthquakes
occur at depths where the Earth doesn’t maintain stresses? In particular, if increas-
ing temperature at depth cause this lack of strength, how can earthquakes occur
where it is so warm?

Jeffreys’ arguments illustrate a second theme of this book: that temperature is
an important parameter controlling how and where deep earthquakes do occur.
Does the fact that Jeffreys was wrong and deep quakes really do occur mean that
temperatures where they occur are very low? Or do they represent a mechanical
phenomenon that is fundamentally different from earthquakes that occur in the
lithosphere?

This book is organized into five sections; the first four sections present a topi-
cal review of deep earthquake phenomena. The first section presents background
information and consists of three chapters:

¢ Chapter 1 introduces deep earthquakes by presenting observations about several large and
significant twentieth century deep earthquakes;

e Chapter 2 defines what “deep” is, presents a simple model to estimate temperature within
subducted lithosphere, and discusses why deep earthquakes are worth studying;

e Chapter 3 describes the discovery of deep earthquakes and explores their early history,
concentrating primarily on the period prior to 1970.

! We mustn’t be too hard on Omori. His research was extraordinary enough that T found it worth reading almost
100 years later. If anybody bothers to read this book a century from now, please contact my descendants and tell
them I said “Hello.”
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The second section, with two chapters, focuses on the properties of earthquake
catalogs:

¢ Chapter 4 looks at the distributions of focal depths, magnitudes, and scalar moments;
¢ Chapter 5 evaluates spatial and temporal clustering of hypocenters.

The third section addresses the mechanism of deep earthquakes:

e Chapter 6 reviews observations of source properties;
e Chapter 7 considers various mechanical models that explain the occurrence of deep earth-
quakes.

The fourth section considers why deep earthquakes have been and still are worth
studying:

¢ Chapter 8 shows how the analysis of deep earthquake signals has provided key information
about a great many features of Earth structure and dynamics;

¢ Chapter 9 considers what we have learned over the past 100 years, what we have still to
learn, and deep earthquake research’s place in the history of the science.

Absent from these four sections is any sense of the character of deep seismicity in
specific geographic regions; this is the topic of the fifth and last section — a single
chapter — Chapter 10. This presents maps, cross sections, focal mechanisms, and
a review of the literature for deep-focus and intermediate earthquakes in each of
28 geographic regions. The reader of Chapter 10 will learn that there are decided
differences in the “flavor” of research in the various regions. For example, the
majority of the literature concerning South America (Section 10.18) appears in well-
known journals and concentrates on variations in the geometry of Wadati—Benioff
zones, and also on the source properties of a number of extraordinarily large deep-
focus earthquakes. In contrast, much of the literature on Romania (Section 10.24)
appears in books, technical reports, and regional publications, and concerns mod-
els for evaluating hazard. Finally, many papers concerning Greek deep seismicity
(Section 10.23) appear in European journals and focus on time-dependent trends in
seismic activity or relations between deep seismicity and other phenomena, such
as volcanism of geoelectric signals. Chapter 10 also includes descriptions of 58
individual deep earthquakes which are unusually large, important historically, or
otherwise remarkable.

Each of the first nine chapters and each geographic summary in Chapter 10
is self-contained; i.e., mostly you can read them independently without reading
preceding material. However, a few abbreviations that appear regularly throughout
the book (see Table 0.1) won’t be explained repeatedly in each chapter. Separate
reference lists follow each of the first nine chapters and each geographic summary.
Some of these lists are quite long; thus, for readers desiring further guidance I have
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Table 0.1. Abbreviations used throughout this book.

Catalogs of hypocenters: See detailed explanation and references in Chapter 10.

Abe
CMT

CMT-Hist
ISC

EHB

EV Centennial
GR

Magnitude scales:
Mw

Other abbreviations:

CLVD

h

JHD
NUVEL

pP depth
PREM

USGS
WWSSN

Catalog published by Abe (1981) covering the period 1897-1980

Centroid moment tensor — and the catalog published by Harvard for
the period 1977—present

Additional centroid moment tensors for the historical period
1906-1976 published by various sources

International Seismological Centre — and their catalog covering the
years 1964—present

Engdahl, van der Hilst, and Buland (1998) — and their catalog
comprised of selected relocations of ISC data 1964-2004

Engdahl and Villasefior (2002) — and their catalog covering the
period 1900-1999

Gutenberg and Richter (1954) — and their catalog covering the
period 1904-1952

Moment magnitude determined from scalar moment M, by the
formula Mw[N-m] = (2/3)log,oM, — 6

Surface wave magnitude; usually as reported in the GR catalog

Short period body-wave magnitude, usually as reported in the ISC
catalog

Longer-period body-wave magnitude, usually as reported in the
Abe catalog

Compensated linear vector dipole; see Section 6.2.1

Focal depth estimate for an earthquake

Joint hypocenter determination

Model describing the relative motions of tectonic plates; developed
by DeMets et al. (1990; 1994)

Focal depth determined from (pP-P) intervals; see Section 4.1.2

Preliminary reference earth model — a global model of velocity and
elastic parameters proposed by Dziewonski and Anderson (1981)

United States Geological Survey

World Wide Standardized Seismograph Network

marked a few especially important, interesting, or comprehensive references with

[T ]

a ° .

Why was this book written, really?

In 1935 Konrad Lorenz published a classic paper on the learning behavior of young
ducklings and goslings. He noted that at certain specific developmental periods
some animals seemed instinctively primed to learn quite remarkable behaviors. As
an example, he observed that soon after hatching, baby ducklings learned to follow
the first conspicuous moving object they saw — usually the mother duck. But, they
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might also “imprint” on a bird of another species, a bright red ball, a scientist,
or almost anything else, if they saw it at the appropriate time. Subsequently, the
ducklings would continue to follow this imprint-parent, even if doing so didn’t
make much sense.

In my experience, we scholars aren’t all that different from ducklings — at some
key time in our university education — usually in graduate school — we open our
eyes and imprint on some particular problem that seems interesting to us. Then we
follow it blindly through our careers, steadfastly giving it the lion’s share of our
attention, even if doing so doesn’t make much sense.

I here confess that, as a graduate student at Cornell University in about 1974, 1
imprinted on deep earthquakes. Actually, when I began graduate school I worked
in a low-temperature laboratory operated by physicists John Reppy, Bob Richard-
son, and Dave Lee. The graduate student working on the apparatus next to mine
was Doug Osheroff. Doug was having all kinds of trouble with a gauge that got
stuck every time he tried to cool liquid helium mixtures below a certain tempera-
ture. It was clear to me that nothing would come out of this; Doug’s gauge was
obviously faulty and everyone knew that near absolute zero nothing much hap-
pened.” I became disillusioned with low-temperature physics and soon switched
to geophysics and earthquake seismology. Within a year I was studying deep
earthquakes.

In the three subsequent decades I have maintained a steadfast and passion-
ate interest in deep earthquakes in spite of distractions provided by numerous
wives, children, and research grants which should have encouraged me to focus
on something more practical. But, I can’t help myself; I just find deep earth-
quakes interesting; I am obsessed with deep earthquakes. Why I chose deep earth-
quakes and not something equally respectable, such as low-temperature physics, is a
puzzle.

This book, then, is an attempt to do something useful with my obsession. If you
share my interest in deep earthquakes, please use this book to move the subject
forward in any way you can. Alternatively, if you are passionate about some other
subject but for some reason need to know about deep earthquakes, this book may
help you avoid sifting through what has become a considerable literature.

Who is not responsible?

Although I must accept full responsibility for the material in this book, numerous
individuals helped and encouraged me during its preparation. First, I am indebted

2 Time has demonstrated that it was my insight that was faulty, not the gauge. It turned out that Osheroff’s gauge
was working fine, but “sticking” as the helium mixture cooled through a previously unknown phase transition.
Osheroff, Richardson, and Lee won the Nobel Prize for this experiment in 1996.
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to Bryan Isacks and Muawia Barazangi, my earthquake mentors at Cornell when
I imprinted on deep earthquakes. Second, I must thank Steve Kirby and Terry
Wallace, who each almost coauthored this book with me. In 1995 Kirby and I
proposed to write a book on deep earthquakes, but gave up when the book proposal
was rejected. Later, Wallace approached me about coauthoring a book, but we both
became overwhelmed with other projects and made little progress. The present
manuscript came about largely due to encouragement from my wife, Jacqueline
Henkel, and from a close friend, Frank Whigham. Both are professors of English,
and they managed to convince me that writing a book might be a reasonable thing
to do even if the scientific community generally values journal publications more
than books.?

Finally, I am grateful to numerous colleagues who were supportive of this project.
Those who reviewed various sections of this book and provided thoughtful criticism
were: Geoff Abers, Muawia Barazangi, John Cassidy, George Choy, Mike Coffin,
Patricia Cooper, Shamita Das, Diane Doser, Bob Engdahl, Xaq Frohlich, Alexei
Gorbatov, Steve Grand, Jacqueline Henkel, James Jackson, Yan Kagan, Honn Kao,
Junji Koyama, Rob McCaffrey, Yosio Nakamura, Jim Ni, Lani Oncescu, Martin
Reyners, Ray Russo, David Rubie, Martha Savage, Cezar Trifu, Agustin Udfas,
Doug Wiens, and Ray Willemann. Scott Davis read a draft of the entire manuscript
and caught numerous blunders, subtle and otherwise. I owe special thanks to Bob
Engdahl, who sent me a recently updated version of the EHB catalog complete to
December 2004. Inés Benlloch and Yosio Nakamura provided helpful assistance
with translations. Geoff Abers, Michael Antolik, Shamita Das, Brad Hacker, and
Shun-ichiro Karato were kind enough to provide electronic copies of figures. A
book like this couldn’t happen without access to a good library and professional
support from a good librarian; for these I am indebted to Dennis Trombatore and
The University of Texas Library.
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