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Preface

In this book, I would like to share my research experiences in the field of earthquake
seismology; in particular, using seismic tomography to study seismotectonics, vol-
canism, and the interior structure and dynamics of the Earth and Moon. To date,
I have been fortunate to have studied and worked at eight universities in China,
Japan, and the USA, and so I have had opportunities to become acquainted with
many outstanding scientists working in various fields of the Earth sciences, and to
collaborate with some of them in studying seismic structure and geodynamics of
many different regions and tectonic settings.

As an undergraduate student, I studied in the Department of Geological Sci-
ences, Peking University, from 1980 to 1984, where I acquired a basic knowledge
of Earth sciences and participated in the 2—8 week field geology course every year
in northern China. This helped me realize that geological structures and processes
are very complicated and can hardly be described precisely using mathematical
and physical methods. Between November 1984 and September 1985, I joined an
intensive course for learning Japanese at the Dalian University of Foreign Lan-
guages, where I met 99 students from different universities in China, selected from
various fields including natural sciences, social sciences, engineering, agriculture,
and medical sciences. From these classmates, I learned the main concepts, issues,
and research approaches of their respective fields. In October 1985, we 100 Chinese
students went to study at the Japanese national universities. Five years later, most
obtained a Ph.D. degree in Japan, and now many of them are distinguished experts
in their fields.

In the period April 1986 to March 1991, I was a graduate student in the Depart-
ment of Geophysics, Tohoku University, and my advisors were Profs. Akio Takagi,
Akira Hasegawa, and Shigeki Horiuchi, who introduced me to the field of earthquake
seismology. With their kind and helpful guidance, I studied the Conrad and Moho
discontinuities beneath NE Japan (Tohoku) for my Master’s thesis, and worked on
the seismic tomography of the Japan subduction zone for my Ph.D. thesis. From
April 1991, I spent one year in the Geophysical Institute (GI), University of Alaska
Fairbanks as a post-doctoral fellow, and I worked with Prof. Douglas Christensen
on the tomographic imaging of the Alaska subduction zone. I was impressed by
the then GI director Prof. Syun-Ichi Akasofu’s aurora study. During May 1992 to
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April 1995, I was a Texaco post-doc fellow at the Seismological Laboratory of the
California Institute of Technology (Caltech), and Prof. Hiroo Kanamori was my
advisor. I learned the basic facts of earthquake source studies from Prof. Kanamori,
and I worked with him on the high-resolution tomographic imaging of the source
zones of large crustal earthquakes, including the 1992 Landers (M 7.3), the 1994
Northridge (M 6.7). and the 1995 Kobe (M 7.2) earthquakes. I was impressed by
Prof. Kanamori’s earthquake source studies, Prof. Don Anderson’s global seismol-
ogy, and Prof. Don Helmberger’s waveform modeling studies. In my first year at
Caltech, I was supported by a fellowship from the Southern California Earthquake
Center (SCEC), and so I had opportunities to report my works to the then SCEC di-
rector Prof. Keiiti Aki, who was at the University of Southern California. Prof. Aki
kindly gave me thoughtful comments and suggestions on my tomographic studies.

During May 1995 to June 1997, I worked in the Department of Earth and Plan-
etary Sciences, Washington University in St. Louis, as a research scientist, where
I worked with Prof. Douglas Wiens on the tomographic imaging of the Tonga sub-
duction zone. At the weekly seminars, [ was impressed by Prof. Julie Morris’s geo-
chemical study of arc magmatism and Prof. Michael Wysession’s study of the deep
Earth structure. In St. Louis, I also worked on the stress tensor inversion for the
1994 Northridge earthquake area. In July 1997, I moved to the Department of Earth
Sciences, University of Southern California (USC), as a research scientist, where I
continued my study of local and regional tomography. At USC, I was impressed by
the fault-zone trapped-wave study by Dr. Yong-Gang Li and Prof. K. Aki.

Beginning in February 1998, I spent nine years at Ehime University, Japan, as
an associate professor, and then as a full professor from January 2003. I established
my laboratory where I worked with my graduate students, post-docs, and visiting
scholars to make extensive studies of multiscale seismic tomography. I started my
study of global seismic tomography in 1999 and used global tomography to study
hotspots, mantle plumes, and deep subducting slabs. I also invited many able re-
searchers and students from India, China, the USA, Spain, Egypt, Taiwan, Korea,
and South Africa to study in my lab, and we collaborated to study the 3-D crustal and
mantle structure, seismotectonics, and volcanism in different regions and tectonic
settings. We developed the off-network tomography method to study the 3-D veloc-
ity structure beneath oceanic regions. We proposed the big mantle wedge (BMW)
model to explain the intraplate magmatism and mantle dynamics in East Asia. [ had
the idea to study seismic tomography of the Moon and we obtained a good result.

In April 2007, I moved back to my alma mater, Tohoku University, as a professor
of geophysics. I worked with my colleagues and students on the global tomography,
the East Asia mantle tomography, and the detailed structure of the Japan subduc-
tion zone. We presented tomographic images of the source area of the great 2011
Tohoku-oki earthquake (Mw 9.0) soon after its occurrence. We also worked on P-
wave anisotropy tomography, and applied the new method to study the seismic
anisotropy and structural heterogeneity of many subduction zones and continental
regions. Recently, we worked on the 3-D attenuation (Qp and Qs) structure of the
Japan subduction zone.
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The main results of these multiscale tomographic studies are summarized in the
present book, especially the results obtained during the past decade. To date, sev-
eral nice books on seismic tomography have been published. The first one, Seismic
Tomography: With Applications in Global Seismology and Exploration Geophysics,
edited by Nolet (1987) and written by 17 authors, summarized the early theoretical
developments of seismic tomography and its applications in exploration geophys-
ics and global seismology. The second book is Seismic Tomography: Theory and
Practice, which was edited by Iyer and Hirahara (1993) with contributions by 49
authors. Except for a few chapters which focused on the technical aspects of seismic
tomography, most of the chapters in Iyer and Hirahara (1993) introduced applica-
tions of seismic tomography to various regions and tectonic settings, from local
to global scales. The third book, A Breviary of Seismic Tomography. Imaging the
Interior of the Earth and Sun, written by Nolet (2008), focused on the theoretical
aspects of seismic tomography and contained many mathematical equations. The
present book describes the state-of-the-art in seismic tomography, with an emphasis
on the tomographic results, rather than on the methods. All the tomographic images
are shown in color in this book, which are clearly visible and easy to understand. In
contrast, no color figures were included in the previous three books.

As mentioned above, I have become acquainted with many researchers working
in various fields of the Earth sciences. My experiences have taught me that seismol-
ogy is an important, but small, field in the Earth sciences. Most non-seismologists
have no interest in the technical details of seismological studies; instead they are
much more interested in the seismological results and need seismologists to provide
them with useful information and constraints on the geological phenomena they
are working on, such as earthquake fault zones, active volcanoes, basins, mountain
building, subduction zones, hotspots, mantle plumes, large igneous provinces, etc.
Some seismologists enjoy developing new and mathematically sophisticated tech-
niques, which may look advanced and profound and so may frighten most geosci-
entists who are generally not good at advanced mathematics. Concerning methods
for solving the very complicated geoscience problems, I like the Chinese proverb,
Dadao Zhijian, which means “the simplest way is the best way!” Occam’s razor
expresses the same principle for solving problems. A sophisticated new technique is
certainly fine, but it must produce better results which can better explain the geolog-
ical, geophysical, and geochemical observations. I think that body-wave travel-time
tomography based on ray theory is the most straightforward, robust, and mature
tool that has produced many more credible and geologically reasonable results than
any other tomographic methods, and now it is time to summarize these reliable and
nice results obtained with travel-time tomography in a monograph. As Prof. Peter
Shearer (2009) argued in his book Introduction to Seismology, a large fraction of
current seismological research continues to rely on travel times, and ray theory is
still good enough for most seismological applications. Therefore, in this book I
have perhaps included more results from ray theory based travel-time tomography
and less on surface waves, normal modes, and other methods than a truly balanced
book would require. Any book, to some extent, reflects the prejudices of its author
(Shearer, 2009). Hence, this book is not written for professional seismologists but
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for undergraduate and graduate students, researchers, and professionals in the broad
fields of Earth and planetary sciences, who need to broaden their horizons about the
crustal and upper mantle structure beneath various geological features and tectonic
settings, seismotectonics, volcanism, and the deep structure and dynamics of the
Earth and Moon. I hope this book may help to foster more communications among
seismologists, geologists, geochemists, mineral physicists, and planetary scientists.

I have tried to keep each chapter concise but not economize on references which
provide more detail. However, it is a huge job to review all related publications,
and I confess that a complete review of seismic tomography was not possible. For
example, when I began to write Chap. 3, “Subduction Zone Tomography”, I tried
to review the related publications region to region. However, after a few months of
hard work, I found it was impossible to do it that way, because there are thousands
of related publications, which require a grand tome to summarize. Hence, I had
to change my mind and to summarize the subduction-zone tomographic studies
according to the three seismic-structural parameters: seismic velocity, attenuation,
and anisotropy. Thus, in the text I had to introduce only some representative publi-
cations for every subduction zone, and had to give up many other important papers
which are worth mentioning, although I have tried to include them in the list of ref-
erences as much as possible. Now I know there are so many diligent tomographers
working on subduction zones! Similarly, in the whole book, I have cited publica-
tions in English, Chinese, and Japanese but had to omit related publications in other
languages which I cannot read. This is unfortunate, and I apologize for this to the
authors of those papers.

Springer Japan asked me to write each chapter independently with a complete
list of references. Although this has resulted in some references appearing in differ-
ent chapters, every chapter has become self-consistent and independent, and so the
reader may feel free to pick up any chapter to read without having to refer to the
other chapters. The mathematical equations are kept to a minimum in all chapters
except for Chap. 2 on the tomographic methodology, so that the non-seismologists
can read and understand them easily. Even in Chap. 2, simpler equations and for-
mulas are adopted, so that undergraduate students will also understand them. Those
readers who are interested in the technical details of tomographic methods are re-
ferred to Nolet (1987, 2008).

In this book, each chapter focuses on the tomographic studies of one type of
tectonic setting. However, not all tectonic settings are covered by this book. For
example, an important tectonic setting, the mid-ocean ridges, is not reviewed by
this book, simply because the author has not worked on this topic and is not very
familiar with it. The interested reader may refer to a nice review article written by R.
Dunn and D. Forsyth (2007), “Crust and Lithospheric Structure—Seismic Structure
of Mid-Ocean Ridges”, Vol. 1.12 in Treatise on Geophysics edited by G. Schubert.

Department of Geophysics, Prof. Dapeng Zhao
Tohoku University, Sendai, Japan
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Chapter 1
Introduction

Abstract In this chapter, we first introduce the basic principles of seismic tomogra-
phy and discuss the common features and differences between seismic tomography
and the medical CT-scan. Considering the fact that many different kinds of tomo-
graphic studies have been made and a large number of tomography-related technical
terms are used in the literature, we present a classification of seismic tomography.
Then we explain the meaning of multiscale seismic tomography, and discuss how
to interpret the obtained tomographic images. Finally, the scope and contents of this
book are outlined.

Keywords Multiscale seismic tomography * Subduction zones - Slabs - Hotspots -
Mantle plumes - Volcanoes

Once a seismic event, such as a natural earthquake or a seismic explosion, takes
place, seismic waves are generated which pass through the Earth’s interior and fi-
nally reach the Earth’s surface where they are recorded by seismometers installed
at seismic stations in different parts of the world (Fig. 1.1a, b). By analyzing the
observed seismic wave records, seismologists can obtain information on the causal
mechanism of earthquakes, as well as the physical properties of materials along the
trajectories of the seismic waves. These are the basic research targets of seismolo-
gy—a branch of solid-Earth geophysics. Since the advent of seismology nearly 130
years ago (e.g., Howell 1990), classical studies of seismic waves have enabled seis-
mologists to make a number of important discoveries which have had far-reaching
and profound impacts on the Earth sciences, such as the establishment of the lay-
ered structure of the Earth’s interior (i.e., the one-dimensional (1-D) Earth structure)
and the discovery of deep-focus earthquakes (Aki 1988).

Since the mid 1970s, benefitting from increasing computer power and a greater
quality and quantity of seismic data, seismologists have established a new field
of seismology—seismic tomography—starting with the pioneering works of Aki
and Lee (1976), Aki et al. 1977, and Dziewonski et al. (1977). By definition,
seismic tomography has two meanings: it is a seismological method to deter-
mine three-dimensional (3-D) images of the Earth’s interior by combining infor-
mation from a large number of crisscrossing seismic waves triggered by natural

© Springer Japan 2015 1
D. Zhao, Multiscale Seismic Tomography, Springer Geophysics,
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2 1 Introduction

Seismic tomography

b aw ;r

Fig. 1.1 A conceptual diagram of seismic tomography (Zhao 2007). A large number of arrival-
time data are collected from observed seismograms (a), then the theoretical travel times and ray
paths of seismic waves in the Earth’s interior are calculated (b). Inverting travel-time residuals
(i.e., differences between the measured and theoretical travel times) results in a three-dimensional
distribution of seismic velocity in the Earth’s interior (¢). The tomographic images in (¢) show
three vertical cross-sections of P-wave tomography from the surface to the core-mantle boundary
and that of the lowermost mantle (the central triangle)

earthquakes or artificial seismic sources (Fig. 1.1); it also means the obtained
result of a 3-D inversion, or fomogram. During the past four decades, seismolo-
gists have been using seismic tomography to study the 3-D structure of the Earth’s
interior at local to global scales. These 3-D models of the Earth’s structure prom-
ise to answer some basic questions of geodynamics, and they signify a revolution
in the Earth sciences (Dziewonski and Anderson 1984). Seismic tomography is a
powerful tool that seismologists have provided the geoscience community with
and it has greatly influenced developments in the Earth sciences. With its vast
scope for understanding the Earth’s structure and processes, its influence will
continue for a long time to come (Aki 1988; Zhao and Kayal 2000). A quarter of
a century ago, [yer wrote “at present, seismic tomography is still developing at an
accelerated pace and it is expected to be an active field of seismological research
for several decades to come” (Iyer 1989). His insightful comment and prediction
are still valid today!
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1.1 Basic Principle of Seismic Tomography

The most important prerequisite which makes seismic tomography possible is that
seismic waves can pass through the Earth’s interior. It is this important property of
seismic waves that seismologists have exploited to study the 1-D and 3-D structures
of the Earth’s interior (Fig. 1.1).

Figure 1.2 shows a simple example of the tomographic problem. A square is di-
vided into four blocks of the same size (/). Seismic wave (P or S) velocities of the
four blocks, V1-V4, are the unknown parameters to be determined. Suppose that
four seismometers (Nos. 1-4) are installed at one edge of each block to record P (or
S) waves from four seismic events (earthquakes or explosions) that occur at another
edge of each block (A—D). Then we will have at least four data that can be measured
from the observed seismograms, which are the travel times from event C to seis-
mometer 1 (T1), from event D to seismometer 2 (T2), from event A to seismometer
3 (T3), and from event B to seismometer 4 (T4). Thus, we can establish four simple
equations relating the travel times to the seismic velocities of the four blocks, as
shown in Fig. 1.2. Unfortunately, the four equations are not independent, but we can
measure and add one more datum, e.g., the travel time from event C to seismometer
2 (TS; Fig. 1.3). We then have a system of four independent equations which can
be solved to obtain V1-V4. In the same way, we can further divide the square into
many more smaller blocks, and add more seismometers and seismic events, which
will result in a more detailed distribution of seismic velocity within the square, i.e.,
a higher-resolution tomographic image of the study area.

The principle of seismic tomography is similar to that of a medical CT-scanner
(Fig. 1.4). Here, CT means computerized tomography (Herman 1980). In the CT-
scan, X-rays radiated from a source can pass through the human body, and the inten-
sity of the X-rays is measured at receivers. The X-ray source is rotated through 360°
enabling a number of X-ray intensity data to be measured. The data are used to con-
struct a two-dimensional density image of the human body (Fig. 1.4a). In seismic
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Fig. 1.4 Schematic diagram of
medical CT-scan (a), and seismic
tomography (b). After Zhao (2009)
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tomography (ST), instead of X rays, seismic rays are involved which represent the
propagating trajectories of seismic waves (Fig. 1.4b). This approach is called ray
theory (or ray approximation), which is valid for short-period surface waves and
most body waves which have a sufficiently high frequency (for details, see Cerveny
2001). The sources of energy in ST are natural earthquakes, or artificial explosions,
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which are powerful enough to generate seismic waves reaching areas far from the
sources, and even to the antipode of the sources, whereas X rays cannot propagate
far enough in the Earth’s interior, and so they cannot be used to image the Earth’s
structure, although X-rays can be used to study the fine structure of rock samples
(e.g., Carlson 2006; Cnudde and Boone 2013), as is the case with the medical CT-
scan. Of course, the receivers in ST are seismometers installed at seismic stations on
the Earth’s surface, or at some depths beneath the surface such as boreholes.

The most widely-used data in ST are the travel-time delays of P- and S-waves;
hence ST determines the image of the seismic velocity of the Earth’s interior instead
of its density. The travel times of seismic waves (rays) passing through an anoma-
lous body such as a hot magma chamber (or a cold subducting slab) can be delayed
(or advanced), whereas rays propagating through the normal portions of the Earth
exhibit no difference in travel time from that calculated for an average 1-D velocity
model of the Earth’s interior. The location, geometry and velocity deviation of the
anomalous body can be estimated from the ray paths and travel-time data using an
inverse calculation (called inversion).

Although the basic principles of the medical CT and ST are the same, there are
many differences in their technical details. In the CT-scan, both sources and receiv-
ers can be controlled and so a large number of data can be measured easily to obtain
a high-resolution image of the human body or a rock sample (e.g., Carlson 2006;
Cnudde and Boone 2013). In contrast, for ST of the Earth’s interior, both the sources
and receivers are hard to control, because earthquakes have a certain distribution in
the crust and upper mantle associated with plate tectonics, and seismic stations are
expensive to install and maintain. Therefore the images of the Earth’s interior can-
not be determined as precisely and accurately as the CT-scan of the human body or
rock samples (Zhao 2009).

1.2 Classification of Seismic Tomography

In the past four decades, ST has evolved from a small field of seismology into
an important aspect of Solid Earth Sciences, and a large number of researchers
are working on different kinds of tomographic problems. In the literature there are
many technical terms related to tomography, which can be classified and summa-
rized as follows.

1. Depending on the seismic data used, we refer to body-wave tomography and
surface-wave tomography. The most widely used body-wave data are P- and
S-wave travel times, leading to travel-time tomography which includes P-wave
tomography and S-wave tomography. Surface-wave tomography usually uses
Rayleigh wave or Love wave dispersion data to first estimate 2-D distributions
(map views) of the phase velocity or group velocity at different periods, then
determine a 3-D distribution of S-wave velocity in the crust and upper mantle.
Waveforms of body waves and/or surface waves can be used directly to conduct
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waveform tomography after the sophisticated processing of seismograms (e.g.,
Fichtner et al. 2013).

2. Depending on the lateral scale of the study areas, one has local tomography,
regional tomography, and global tomography. There is actually no clear dis-
tinction between local and regional tomography. Usually the study area of local
tomography is smaller than a few hundred kilometers wide, whereas that of a
regional tomography is one to a few thousand kilometers wide, such as the Japan
Islands or a continental region (e.g., North America, or East Asia, etc.).

3. According to the depth range of the modeling space, we distinguish between
crustal tomography, mantle tomography, and core tomography. Crustal tomog-
raphy ranges from the surface to a depth above the Moho discontinuity, or to
the uppermost mantle directly beneath the Moho when Pn- or Sn-wave data
are used. Mantle tomography ranges from the surface to a depth in the mantle,
usually including the crust. Because the diving depth of a direct P- or S-wave
depends on the epicentral distance (i.e., the distance between the epicenter and
a given seismic station), local tomography under a local seismic array is usually
crustal tomography or crustal and upper mantle tomography, whereas regional
tomography is usually upper mantle tomography above the 670 km discontinuity
(i.e., the boundary between the upper and lower mantles) or mantle tomography
down to a depth in the lower mantle, or even down to the bottom of the mantle at
the core-mantle boundary (2889 km depth).

In global tomography, if many core phase data are used, the core tomography can
be determined (e.g., Lei and Zhao 2006). Because the outer core is composed of
liquid iron where active convection is taking place, the outer core is essentially
homogeneous. Thus core tomography is actually inner core tomography for which
there is still no reliable model yet. Deep Earth studies have revealed strong seismic
anisotropy in the inner core where lateral heterogeneities may also exist.

4. According to the relative distance between the seismic array (or seismic net-
work) and the seismic events used, one has local earthquake tomography (LET)
and teleseismic tomography (TET). In LET (Figs. 1.5a and 1.6a), all the seis-
mic stations and events considered (local earthquakes or seismic explosions) are
located in the study area, and all the local earthquakes used are relocated in the
inversion process using P- and/or S-wave arrival times recorded by the seismic
network, so that the events have reliable hypocentral locations enabling a good
enough tomography to be obtained.

In contrast, TET determines a 3-D velocity model beneath a seismic array (or a seis-
mic network) using P- or S-wave data from distant earthquakes and/or large seismic
explosions, including nuclear tests, which are located far from the seismic array used
(Figs. 1.5b and 7.25). Hence these events are called teleseismic events. Usually the
teleseismic events considered have epicentral distances of 30°-100° (1°=111.2 km),
and thus the deepest points of all the direct P- and S-wave rays are located in the lower
mantle outside of the study area (i.e., the seismic array used; see Fig. 7.25). Instead
of the raw travel-time residuals used in LET, relative travel-time residuals are used in
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Fig. 1.5. Various approaches of body-wave tomography (Zhao 2009). a Local earthquake tomog-
raphy; b teleseismic tomography; ¢ determining the Conrad and Moho geometry; and d Global
tomography. See text for details

TET (see Chap. 7.4). Thus, the effects of hypocentral mislocations of the teleseismic
events and structural heterogeneities outside of the study area can be greatly reduced.

Note that LET is different from local tomography. LET can be a regional tomog-
raphy if the study area is wide enough. Global tomography (Fig. 1.5d) is also a kind
of LET because all the events and stations used are located in the study region (the
entire Earth). Similarly, a TET can be a local tomography or a regional tomography,
depending on the aperture of the seismic array adopted.

5. Depending on the physical parameters to be determined, one has seismic velocity
tomography, seismic attenuation tomography, and seismic anisotropy tomogra-
phy. Most of the tomographic models obtained so far are 3-D P- and S-wave
velocity models, mainly because arrival-time data are used which can be mea-
sured precisely from a large number of seismograms. In the past decade, many
tomographic models of seismic attenuation and anisotropy have been also deter-
mined, thanks to the increasing quality and quantity of waveform data recorded
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Fig. 1.6 a Local earthquake tomography for a subduction zone. b Local and teleseismic joint
inversion for a subduction zone. The black and red lines denote ray paths from local earthquakes
(black dots) and teleseismic events, respectively. (Modified from Zhao 2009)

by permanent and temporary seismic arrays in different parts of the world, as
well as technical advances in waveform processing and tomographic inversions.

6. Depending on which heavenly body is being studied, one has Earth (or terres-
trial) tomography, lunar tomography, and solar tomography. Needless to say, so
far almost all seismic tomography studies relate to the Earth’s interior structure.
Only recently has seismic tomography been applied to study the 3-D velocity
structure of the lunar interior (Zhao et al. 2008, 2012). In the past two decades,
however, solar physicists have been actively investigating the 3-D sound veloc-
ity structure of the solar interior using helioseismology methods (e.g., Duvall
etal. 1993, 1996; Zhao et al. 2011).

In practical applications, several tomographic terms can be combined, such as tele-
seismic P-wave velocity tomography of the crust and upper mantle, local earth-
quake S-wave attenuation tomography, etc.

The pioneering studies of body-wave travel-time tomography are Aki and Lee
(1976) and Aki et al. (1977) for the local scale, and Dziewonski et al. (1977) for the
global scale. Aki and Lee (1976) initiated LET, while Aki et al. (1977) developed the
TET method. Surface-wave tomography was initiated by Nakanishi and Anderson
(1982), and Woodhouse and Dziewonski (1984). Generally speaking, surface-wave
tomography has a lower spatial resolution because of the long wavelength nature of
surface waves, and so it is more appropriate for global and regional-scale studies. In
contrast, body-wave tomography can have a much higher spatial resolution because
of the short wavelengths of body waves, and can be applied to local, regional and
global studies. However, surface-wave tomography is more powerful than body-
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Fig. 1.7 Distribution of earthquakes (a) and seismic stations (b) which were used for global tomo-
graphic inversion by Zhao et al. (2013). The colors in (a) denote focal depths. The color scale is
shown below (a). The purple lines denote major plate boundaries

wave tomography for studying the upper mantle structure beneath oceanic regions
because there are fewer ocean-bottom-seismometer (OBS) stations. Because of the
sparse and uneven distribution of global seismic networks, as well as natural earth-
quakes (Fig. 1.7), global tomographic models still have a lower resolution (> 100
to a few hundred kilometers), but global models contain information on the deep
Earth structure. In contrast, local and regional tomographic models for some areas,
such as Japan and California, have a much higher resolution (20-30 km), thanks to
the dense coverage of seismic stations and the high level of seismicity, but these lo-
cal tomography models are limited to the crust and/or the upper mantle (e.g., Zhao
2009, 2012).
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LET (Fig. 1.5a) and TET (Fig. 1.5b) are the two most widely-used methods em-
ployed in local and regional tomographic studies, as introduced in the following
chapters of this book. The two methods have inherent advantages and drawbacks
(Zhao 2009). LET can determine the shallow structure of an area to a depth above
which earthquakes occur or diving rays propagate, but cannot determine the deeper
structure. For example, under the Japan Islands, earthquakes occur mainly in the
upper crust and in the subducting Pacific and Philippine Sea slabs, and thus we can
determine the 3-D velocity structure of the crust, mantle wedge and the upper por-
tion of the subducting slabs, but we cannot determine the mantle structure below the
Pacific slab (Fig. 1.6a). In contrast, TET can determine the deep structure of an area
(the maximum modeling depth is about 1.5 times the aperture of the seismic array
used), but usually cannot determine well the shallow structure, because teleseismic
rays travel in a sub-vertical direction and do not crisscross well in the crust. To re-
solve this problem, local-earthquake arrival times and teleseismic relative residuals
can be used jointly (e.g., Zhao et al. 1994) (Fig. 1.6b). This joint inversion approach
preserves the advantages of LET and TET, and overcomes their drawbacks. More-
over, the horizontally propagating local rays and vertically traveling teleseismic
rays crisscross well in the crust and the upper (or uppermost) mantle, and conse-
quently, the tomography resolution there can be greatly improved (Fig. 1.6b).

1.3 Multiscale Seismic Tomography

Structural heterogeneities in the Earth’s interior exist at various scales, which are
associated with earthquakes, volcanic eruptions and mountain building near the
Earth’s surface and convective circulations in the deep mantle. The scales of these
heterogeneities range from meters, such as those associated with earthquake fault
zones, to thousands of kilometers, such as convecting flows in the mantle. These
structural heterogeneities have been investigated by different researchers according
to their own interests. The target of research determines the method and approach
adopted. Local-scale tomography has been used to study small-scale structures of
the crust and uppermost mantle, such as earthquake fault zones and magma cham-
bers under active volcanoes, by workers who are interested in the causal mechanism
of earthquakes and volcanic eruptions as well as their predictions; in particular,
those who are living in earthquake and volcano countries such as Japan, China
and western USA. Regional tomography has been used to study the crust and up-
per mantle structure beneath subduction zones, collision zones, mountain building,
hotspots and mantle plumes, etc. Large-scale regional tomography and global to-
mography have been used to study the structure and processes of the major elements
of plate tectonics and geodynamics, such as the lithosphere, asthenosphere, the
mantle transition zone, mantle convection, the D layer in the lowermost mantle,
the fate of subducting slabs, and the origin of mantle plumes, etc.

Ideally, there is no need to divide seismic tomography into different kinds if
a perfect high-resolution tomography model could be determined for the entire
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Earth’s interior. However, the fact is that earthquakes exhibit a very non-uniform
distribution in the world, most of which occur in plate boundary regions, in particu-
lar, subduction zones, while the seismicity is very low in stable continental regions
(Fig. 1.7a). The distribution of existing seismic stations on Earth is even more het-
erogeneous (Fig. 1.7b). Most of the stations are located in the continental regions,
in particular, in developed countries such as Japan, USA and Western Europe, while
there are few stations in the broad oceanic regions and the developing countries
in Africa, South America and Southeast Asia. There are actually data recorded by
many local seismic networks or portable stations, but most of these data are still not
accessible to the public, due to cultural and political factors. Therefore, it is really
difficult to determine a “perfect” high-resolution tomography of the Earth’s interior
as, for example, the medical CT-scan. Even the updated global tomography model
has large variations in its spatial resolution, both in a lateral direction and in depth.
The resolution changes from tens of kilometers in subduction zones to ~ 1000 km in
the mantle beneath the oceans in the southern hemisphere (e.g., Zhao et al. 2013).
That is why, so far, multiscale (local, regional, and global) tomographic studies
have been made to image the structural heterogeneities of various scales and in dif-
ferent portions of the Earth’s interior.

The tomographic images shown in the following chapters of this book will be
seen to have different resolution scales and different amplitudes of velocity anoma-
lies, which reflect the current status of multiscale tomographic studies. The resolu-
tion scale of a tomographic image is determined by the density of ray path cover-
age and the degree of ray crisscrossing, which are controlled by the distribution
of seismic stations and earthquakes used (Zhao 2012). The amplitude of velocity
anomalies retrieved by seismic tomography is affected by damping and smoothing
regularizations that are required for stabilizing tomographic inversions because of
the uneven distribution of seismic rays in the crust and mantle under a study area
(Zhao 2009). Thus, the amplitude of velocity anomalies in the real Earth is hard
to recover fully and the degree of recovery depends on the scale of the study area
as well as the density and homogeneity of the ray path coverage. In local-scale
tomography, seismic stations and earthquakes have a relatively uniform distribu-
tion, and so weak damping and smoothing are applied, leading to a better recovery
of the amplitude of velocity anomalies amounting to 6—10% (e.g., Zhao 2012). In
contrast, strong damping and smoothing have to be applied in global and large-scale
regional tomography because of the very uneven distribution of seismic stations
and earthquakes (Fig. 1.7), which leads to a small amplitude of velocity anomalies
(1-2%) (e.g., Wei et al. 2012; Zhao et al. 2013). Therefore, the amplitudes of veloc-
ity anomalies in a tomographic image should be interpreted carefully by consider-
ing the strength of damping and smoothing applied in the inversion as well as the
scale of the tomographic model.

The term multiscale seismic tomography has been used by different authors with
different meanings (e.g., Chiao and Kuo 2001; Chevrot and Zhao 2007; Zhao 2007,
2009; Pesicek et al. 2014). In some studies, it means a multiscale scheme of model
parameterization adopted in a tomographic inversion (e.g., Zhou 1996; Chiao and
Kuo 2001; Chevrot and Zhao 2007; Pesicek et al. 2014). In Zhao (2007, 2009) and



12 1 Introduction

this book, it simply means local, regional and global tomographic studies made
so far by many different authors to image the structural heterogeneities of various
scales in the interior of the Earth and Moon, as mentioned in the last section.

1.4 Interpretation of Tomography

Many tomographic images of different tectonic settings are shown in the following
chapters of this book, the interpretations of which are essential to understand the
structure and dynamics of the Earth’s interior. Here, we introduce and discuss the
general way to interpret the obtained tomographic results, following Zhao (2009).

Seismic velocity and attenuation anomalies imaged by seismic tomography may
reflect thermal anomalies, compositional variations (including volatiles), and the
presence of partial melt, cracks, and/or anisotropy. Hence, the interpretation of a
tomographic image under a region is usually not easy and conclusive. It is important
to be aware that, first we need to know clearly the resolution scale of the obtained
tomographic image and whether a feature of interest is robust or not. Various syn-
thetic resolution tests should be conducted to examine the reliability of the feature.
Only after the feature concerned is confirmed to be reliable, can one proceed to
interpret it.

To interpret tomographic images of the crust and upper mantle beneath a region,
one needs to first become familiar with the tectonic background of the region; for
example, is the region a subduction zone, collision zone, hotspot area, or a stable
craton? All the available geological, geophysical and geochemical findings of the
region should be examined. All the related information on the study region is re-
quired, such as seismicity, the He3/He* ratio, electro-magnetic soundings, gravity,
as well as the surface geological features such as topography, sedimentary basins,
mountains, active volcanoes, and active faults, etc. Anomalies of low-velocity
(low-V), high-attenuation (low-Q), high Poisson’s ratio and high electric conduc-
tivity under active volcanoes may reflect magma-chamber related high-temperature
anomalies, while those in active fault zones and large earthquake source areas could
be related to fault gauges, cracks, and/or crustal fluids. Sedimentary basins and
mountain ranges will show up as low and high velocity anomalies, respectively, in
the shallow to middle crust.

As is shown in Chap. 3, subducting slabs in the upper mantle with intermediate-
depth and deep earthquakes are generally imaged as a higher seismic velocity (high-
V) than that of the surrounding mantle. If the resolution of a tomographic image is
high enough, then the subducted oceanic crust may be detected which would be a
thin (<10 km) low-V layer at the top of the high-V subducting slab. In some cas-
es, anomalies of lower velocity are revealed within a subducting slab, which may
be associated with large intra-slab earthquakes, slab dehydration, and/or fracture
zones in the slab (e.g., Mishra and Zhao 2004). Some studies have revealed a thin
low-V feature in the Pacific slab at the mantle transition zone depth (420-670 km),
which may reflect the metastable olivine wedge associated with the generation of
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deep-focus earthquakes (e.g., Jiang et al. 2008; Jiang and Zhao 2011). However,
low-V zones within the subducting slab are still not imaged reliably by tomography,
and their causes are still poorly understood. High-resolution tomography is required
to image the fine structures within the subducting slabs.

In subduction zones, low-V and low-Q anomalies in the crust and upper mantle
wedge under the volcanic front and back-arc areas reflect high-temperature anoma-
lies due to the existence of arc and back-arc magma, which are caused by the joint
effects of fluids from shallow and deep slab dehydration and corner flow in the
mantle wedge, which is a well-established feature (e.g., Zhao 2009, 2012). In the
fore-arc area, there is no volcano and the surface heat flow is lower, hence hot
magma should not exist there. However, low-V, low-Q and anisotropic bodies are
often revealed in the mantle wedge under the fore-arc, especially above the young
and warm slabs, which reflect serpentinization associated with fluids from slab de-
hydration (Hyndman and Peacock 2003; Liu et al. 2013).

Some high-resolution crustal tomography has detected low-V and high-Pois-
son’s ratio anomalies in the source areas of large crustal earthquakes, which may
reflect aqueous fluids (e.g., Zhao et al. 1996, 2010; Tong et al. 2012). However, it
is difficult to clarify where the fluids come from. The He’/He* ratio is a powerful
geochemical indicator for the origin of crustal fluids. It is found that the He?/He*
ratio is higher in the large earthquake source areas in Japan, suggesting that the flu-
ids come from the dehydration of the subducting slabs (e.g., Horiguchi 2008; Zhao
et al. 2002, 2010).

Collision zones, such as Himalaya and Taiwan, exhibit complex tomographic
images (e.g., Wang et al. 2006; Zhang et al. 2012). Continuous or intermittent pieces
of descending continental or oceanic lithosphere often appear under the collision
zones, and they exhibit high seismic velocity. Low-V columns are often imaged
in the upper mantle under hotspot volcanoes, which represent high-temperature
upwelling flow (or plume) feeding the hotspots (e.g., Gupta et al. 2009; Liu and
Zhao 2014). However, the origin and depth extent of the low-V zones are still not
very clear because the aperture of the seismic arrays in the hotspot areas is usually
not large enough to image the lower mantle structure beneath the hotspots. Low-V
zones are generally imaged in the upper mantle under the active rift zones, which
reflect the hot mantle upwelling flow (e.g., Zhao et al. 2006). Similar to the hotspot
areas, however, the depth and origin of the upwelling causing the active rifting are
still a matter of debate.

High-V anomalies are imaged in the upper mantle down to 200-300 km depth
under the stable continental regions (cratons), which represent the thick and old cra-
tonic lithosphere. Low-V anomalies and sometimes hotspot volcanoes are visible
around the cratons, which may be caused the small-scale convection in the upper
mantle associated with the (sudden) change in the thickness of the lithosphere from
a craton to the surrounding regions (e.g., King and Ritsema 2000). Some low-V and
high-V anomalies are revealed in the asthenosphere and even in the mantle transi-
tion zone under the continental orogenic belts and the reactivated craton (such as
the North China Craton) (e.g., Tian and Zhao 2011, 2013; Wang et al. 2014). The
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high-V anomalies could be due to the detached pieces of the continental lithosphere,
whereas the low-V zones may reflect upwelling asthenospheric materials.

For interpreting the tomographic images of the mantle transition zone and lower
mantle, the surface geological features mentioned above are less useful, and we need
information obtained from other seismological methods (such as receiver functions
and waveform modeling) as well as the findings of mineral physics and the numeri-
cal modeling of mantle convection. Teleseismic receiver functions and waveform
modeling of various seismic waves can be used to estimate the depth variations
of the 410- and 670-km discontinuities. According to mineral physics studies, if a
cold (high-V) anomaly such as a subducting slab exists in and around the mantle
transition zone, then the 410-km discontinuity would be elevated while the 670-km
discontinuity will be depressed, resulting in a thicker mantle transition zone (e.g.,
Helffrich 2000). On the contrary, if a warm (low-V) anomaly like a mantle plume
exists in and around the mantle transition zone, the 410-km discontinuity would
become deeper while the 670-km discontinuity will become shallower, resulting
in a thinner transition zone. This relationship between the transition zone thickness
and slab/plume is useful for the interpretation of tomographic results. Early studies
tended to attribute the velocity anomalies in the lower mantle to temperature varia-
tions alone, while recent studies suggest that the velocity anomalies in the lower
mantle could be caused by both temperature and compositional variations.

1.5 The Scope of this Book

So far three books on seismic tomography have been published. The first book,
edited by Nolet (1987), comprised 12 chapters written by 17 authors summarizing
the early developments of seismic tomography and its applications in exploration
geophysics and global seismology. The second book, edited by Iyer and Hirahara
(1993), comprised 29 chapters contributed by 49 authors. Except for a few chapters
which focused on the technical aspects of seismic tomography, most chapters in
Iyer and Hirahara (1993) mainly introduced applications of seismic tomography to
various tectonic settings, from local to global scales. The third book, written by No-
let (2008), focused on the theoretical aspects of seismic tomography and contained
many mathematical equations.

The present book describes the state-of-the-art in seismic tomography, with an
emphasis on the new findings obtained by applying tomographic methods in local,
regional and global scales for understanding the causal mechanism of earthquakes
and seismotectonics, the 3-D crustal and upper mantle structure and origin of ac-
tive arc volcanoes and intraplate volcanoes including hotspots, the heterogeneous
structure of subduction zones and the fate of subducting slabs, the origin of mantle
plumes, mantle convection, and deep Earth dynamics, as well as the first lunar to-
mography. All the tomographic images in this book are shown in color, which are
clearly visible and easy to understand. In contrast, no color figures were included
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in the above-mentioned three books. This book is suitable for undergraduate and
graduate students, researchers and professionals in Earth and planetary sciences,
who need to broaden their horizons about seismotectonics, volcanism, and the inte-
rior structure and dynamics of the Earth and Moon.

In Chap. 2, we introduce the main tomographic methods which are widely used
to determine 3-D seismic velocity, attenuation and anisotropy structures of the
Earth’s interior. The fundamental mathematical equations of these methods are pre-
sented for a better understanding of the principles of seismic tomography.

In Chap. 3, we introduce tomographic studies of subduction zones and new in-
sights into arc magmatism, seismotectonics and subduction dynamics. Seismic ve-
locity and attenuation tomography has clearly revealed subducting slabs as high-V
and high-Q zones where intermediate-depth and deep earthquakes take place. In
the crust and upper-mantle wedge, low-V and low-Q anomalies are revealed be-
neath arc and back-arc volcanoes, and they extend to a deeper portion of the mantle
wedge, indicating that the low-V and low-Q anomalies reflect source zones of arc
magmatism and volcanism which are caused by the joint effects of corner flow in
the mantle wedge and fluids from slab dehydration. P-wave anisotropy tomogra-
phy and shear-wave splitting measurements have provided important constraints on
mantle flows and dynamics in subduction zones.

In Chap. 4, we introduce high-resolution tomographic studies of source zones of
large crustal earthquakes, megathrust earthquakes, intraslab earthquakes, and deep
earthquakes. It is found that structural heterogeneities in the crust and upper mantle
strongly affect or control the generation of large and small earthquakes in various
tectonic settings. In particular, fluids and magmas play an important role in the
nucleation of large earthquakes. Fault, Force (stress) and Fluid (3F) are three key
elements in earthquake generation. These studies indicate that seismic tomography
is an important and effective tool for studying earthquakes and seismotectonics.

In Chap. 5, we introduce tomographic studies of hotspots and mantle plumes.
Plume-like, continuous low-V anomalies are revealed in the mantle beneath some
well-known hotspots (e.g., Hawaii, Tahiti, Louisville, Iceland, Cape Verde, Reunion,
Kerguelen, Amsterdam, Afar, Eifel, Hainan, Yellowstone, and Cobb), suggesting
that whole-mantle plumes originating from the core-mantle boundary (CMB) may
feed those hotspots. These plumes exhibit tilted images, suggesting that plumes
are not fixed in the mantle but can be deflected by the mantle flow. Upper-mantle
plumes seem to exist beneath Cameroon, Easter, Azores, Vema, East Australia and
Erebus hotspots. A mid-mantle plume may exist under the San Felix hotspot. Active
intraplate volcanoes in East Asia (e.g., Changbai, Ulleung, Jeju, and Tengchong) are
caused by hot and wet upwelling flows in the big mantle wedge above the stagnant
slab in the mantle transition zone. The complex images under hotspots reflect strong
lateral variations in temperature, viscosity and composition of the mantle, which
control the generation and ascent of mantle plumes and the flow pattern of mantle
convection.

In Chap. 6, we introduce tomographic studies of the East Asia region and
new insights into plate deep subductions, continental seismotectonics, intraplate
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magmatism, and mantle dynamics. The subducting Pacific slab is stagnant in the
mantle transition zone under the Korean Peninsula and East China, and a big mantle
wedge (BMW) has formed above the stagnant slab. Hot and wet upwelling flows
in the BMW have caused the intraplate volcanoes in NE Asia, lithospheric thinning
and reactivation of the North China Craton, and large earthquakes in and around
East China. Deep earthquakes in the Pacific slab may be related to a metastable
olivine wedge in the slab. The deepest earthquakes (~ 600 km depth) under NE Asia
may release more fluids preserved in the slab to the overlying BMW, contributing to
the Changbai volcanism. The descending Indian plate beneath the Tibetan Plateau
is clearly revealed. The Hainan volcano in South China is a hotspot fed by a deep
mantle plume associated with plate deep subductions in the east and the west.

In Chap. 7, we introduce global tomography studies which shed new light on the
deep structure and fate of subducting slabs and the origin of hotspots and mantle
plumes, as well as deep Earth dynamics. It is found that ray paths of direct and
reflected P-waves in a 3-D global velocity model deviate up to 100 km from those
in a 1-D Earth model, and the differences in their travel times in the 1-D and 3-D
velocity models amount to nearly 4.0 s, indicating the necessity of using a 3-D ray
tracing technique to calculate ray paths and travel times precisely in global tomo-
graphic studies. Ten kinds of later phases transmitted and reflected in the mantle and
core are used to conduct global tomographic inversions, and it is found that the later
phase data can improve greatly the ray path coverage in the mantle and, hence, the
resolution of mantle tomography. Whole-mantle heterogeneities outside the target
volume of a regional tomography can cause significant changes (~0.2-0.4 s) to
the observed relative travel-time residuals of a teleseismic event. The pattern of
regional tomography remains the same even after correcting for the whole-mantle
heterogeneity, but there are some changes in the amplitude of velocity anomalies
in regional tomography. Hence, it is necessary to correct for mantle heterogeneity
outside the target volume in order to obtain a better regional tomography.

In Chap. 8, we introduce seismic tomography of the Moon. P- and S-wave veloc-
ity tomography of the lunar crust and mantle under the near-side of the Moon has
been obtained using moonquake arrival-time data recorded by the Apollo seismic
network operated during 1969-1977 (Zhao et al. 2008, 2012). The results show
that significant lateral heterogeneities may exist in the lunar interior. A correlation
between S-wave tomography and the thorium abundance distribution is revealed.
The area with a high thorium abundance exhibits a distinct low-V anomaly extend-
ing down to a depth of ~300 km below the Procellarum KREEP Terrane (PKT),
which may reflect a thermal and compositional anomaly under the PKT. Similar to
earthquakes, the distribution of deep moonquakes shows a correlation with the to-
mography in the deep lunar mantle, suggesting that structural heterogeneities in the
lunar interior may affect the genesis of moonquakes. The presence of deep moon-
quakes and seismic-velocity heterogeneity in the mantle implies that the interior of
the present Moon may still be thermally and dynamically active. Although the lunar
tomography is an experimental work and the results are still preliminary, the indica-
tions are that tomographic imaging of the lunar interior is feasible.
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Chapter 2
Methodology of Seismic Tomography

Abstract In this chapter, we introduce the tomographic methods which are widely
used to study three-dimensional (3-D) seismic velocity, attenuation and anisot-
ropy structures of the Earth’s interior. The fundamental mathematical equations of
these methods are presented for a better understanding of the principles of seismic
tomography.

Keywords Seismic tomography -+ Model parameterization - Ray tracing
Inversion * Resolution + Damping parameter

From seismological observations, such as P- and S-wave arrival times, amplitudes,
and waveforms, basically three kinds of physical parameters can be determined to
characterize the seismological structure of the Earth’s interior. These parameters
are seismic velocity, attenuation, and anisotropy. Applying tomographic methods
to the seismological data, we can estimate the three-dimensional (3-D) distribution
of these parameters, i.e., seismic velocity tomography, attenuation tomography, and
anisotropy tomography. In this chapter, we introduce the general approaches to con-
duct the three kinds of tomographic inversions.

In general, a study of seismic tomography includes the following operations: (1)
Modeling the Earth’s interior structure, i.e., model parameterization; (2) Forward
modeling, such as ray tracing in travel-time tomography, earthquake relocation, and
the construction of observation equations; (3) Inversion, i.e., solving the large sys-
tem of observation equations; and (4) Resolution and error analysis, i.e., evaluating
the resolution and uncertainty of the obtained tomographic image.

2.1 Seismic Velocity Tomography

Since the advent of seismology, P- and S-wave velocities (Vp, Vs) have been the
primary physical parameters to characterize the Earth’s structure because they are
determined mainly from P- and S-wave arrival-time data which can be measured
in high quality and great quantity by the routine processing of seismic networks
deployed in many regions. Hence, earthquake arrival times have been the most
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abundant seismological data, and seismic tomography methods have been mainly
applied to the arrival-time data to study the 3-D velocity structure of the Earth.

2.1.1 Model Parameterization

In the past four decades, many different approaches have been adopted to tackle
the problem of imaging the Earth’s interior structure. The major difference between
these approaches is in the expression of the Earth’s 3-D structure. Aki and Lee
(1976) and Aki et al. (1977) used a number of constant-velocity blocks in three-
dimensions (Fig. 2.1a); Chou and Booker (1979) adopted a velocity model with
variably-sized ideal averaging volumes; Spencer and Gubbins (1980) used a 3-D
analytic function defined by a small number of parameters for a velocity model,
Horiuchi et al. (1982a, b) chose to use constant-velocity layers with undulating lay-
er boundaries expressed by a power series of latitude and longitude; Thurber (1983)
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Fig. 2.1 Three ways to express the three-dimensional Earth structure (Zhao 2009). a The block
approach; b the grid approach; and ¢ the boundary-grid approach
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used a 3-D grid (Fig. 2.1b); and Dziewonski (1984) adopted spherical harmonic
expansions. Each of these approaches has pros and cons (for detailed reviews, see
Thurber and Aki 1987; Nolet 1987, 2008; Hirahara 1990; Iyer and Hirahara 1993;
Zhao 2001a, 2012).

Zhao (1991) and Zhao et al. (1992) adopted a boundary-grid approach to express
the 3-D Earth’s structure in their studies of the Japan subduction zone (Fig. 2.1c¢).
They considered a velocity model which contains several complicated-shaped ve-
locity discontinuities and the velocity changing in three-dimensions everywhere
in the model. There are several reasons for their taking this approach. The first is
that detailed studies of reflected and converted waves, as well as the first P- and S-
waves, revealed the existence of the Conrad and Moho discontinuities and the upper
boundary of the subducting Pacific slab beneath NE Japan (Fig. 2.1c¢), and the three
discontinuities exhibit significant lateral depth variations (see the review by Zhao
2012). All the previous tomographic studies prior to 1990 (e.g., Aki and Lee 1976;
Thurber 1983) could not handle the complex-shaped velocity discontinuities in the
study area. The second reason is that clear later phases (i.e., reflected and converted
waves) associated with the three discontinuities were detected in the seismograms
of local crustal earthquakes and intermediate-depth earthquakes in the subducting
Pacific slab (see Zhao 2012 for the detailed review). These later-phase data contain
important information on the Earth’s structure, in particular, in and around velocity
discontinuities, hence they should be used in tomographic inversion so that local
earthquakes can be better located and a better 3-D velocity model can be obtained.
For this purpose, the three velocity discontinuities (i.e., the Conrad, the Moho, and
the slab upper boundary) should be introduced into the 3-D velocity model. The
third reason is that theoretical travel times and ray paths can be calculated much
more accurately when the three discontinuities are considered in the model (Zhao
1991). Because the Pacific slab under the Japan Islands is thick (~90 km) and ex-
hibits a higher velocity (4-6% for Vp and 6-10% for Vs) than the surrounding
mantle, the slab can deviate the ray paths and travel times significantly. Introducing
the Pacific slab into the model can greatly reduce the degree of non-linearity of the
tomographic problem, because a better starting velocity model is adopted which is
much closer to the true Earth’s structure than a simple 1-D velocity model for the
subduction zone. The fourth reason is that very small blocks, or grid intervals, are
required to express the lateral undulations of the three discontinuities, which are
impossible to realize in the actual tomographic inversion, because the available
seismic stations and earthquakes are not distributed densely and uniformly enough
to allow the use of small blocks, or a grid, for the tomographic inversion. Therefore,
it was, and still is, the best choice to take into account the three discontinuities and
the Pacific slab in the starting velocity model for the tomographic inversion (e.g.,
Zhao et al. 1992, 2012; Nakajima et al. 2005; Wagner et al. 2005; Huang et al.
2011a; Tian and Zhao 2012; Liu et al. 2013, 2014).

The depth distribution of a velocity discontinuity is expressed in two ways (Zhao
1991; Zhao et al. 1992). One is a continuous function such as a power series of
latitude and longitude, which was used by Horiuchi et al. (1982a, b) and Zhao et al.
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(1990) for estimating the Conrad and Moho geometries beneath NE Japan. The
depth to the ith discontinuity is expressed as:

Hf(¢n 7‘) = ZKCikHik (¢; 7\') = Cn + C[2¢+C[3}\‘+ Ci4¢2 R (2'1)

where @ and ) are the latitude and longitude, respectively. C, (i=1, 2, ... m; k=1,
2, ... n) are coefficients, m is the number of the discontinuities, and # is the num-
ber of the coefficients of the power series. Another way to express a discontinuity
geometry is to use a two-dimensional (2-D) grid. When the discontinuity depth at
each grid node is determined, its depth at any point (¢, A) in the study area can be
determined using a simple interpolation function:
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where ¢ and A, represent the coordinates of the four grid nodes surrounding that
point. The right-hand side of Eq. (2.2) is a continuous function, being a product of
linear functions in ¢ and A.

To express 3-D velocity variations in the study area, Zhao (1991) and Zhao et al.
(1992) set 3-D grid nets independently for each layer bounded by two adjacent
discontinuities. For each 3-D grid net within one layer, meshes of grid nodes are
densely set within the layer, except for the outermost nodes which are set far away
from the internal nodes so that all the seismic rays in that layer are completely cov-
ered by the grid net. The velocity (or velocity perturbation from a starting model) at
each grid node is taken to be an unknown parameter except for those at the outer-
most nodes. The velocities at the outermost nodes are just used for the interpolation
of velocities outside the modelling space. The velocity (or velocity perturbation) at
any point in the mth layer is expressed using the following interpolation function:

Vv, (9.1, h) = ZZZV (8.0 h)
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where h is the depth from the Earth’s surface, ¢, k h, represent the coordinates of
the eight grid nodes surrounding the point (¢, A, h), and V.. (9, k h,) is the velocity
at a grid node in the mth layer.

If a sufficient number of data, in particular the later-phase data associated with
the discontinuities, are available, the discontinuity geometries, i.e., the coefficients
C,inEq. (2.1) or h((p, A, in Eq. (2.2), can also be taken to be unknown parameters
and determined by the tomographic inversion. To obtain a stable solution, however,
Zhao (1991) and Zhao et al. (1992) only considered velocities at the 3-D grid nodes

in each layer to be unknown parameters, taking into account the limited number and
resolution of their data. The geometries of the Conrad, the Moho and the slab upper
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boundary under NE Japan obtained by previous studies were adopted, and they
were fixed in the inversion process (see Zhao 1991 for details).

2.1.2 Ray Tracing

In a tomographic study, it is very important to perform 3-D ray tracing (i.e., com-
puting travel times and ray paths in a 3-D velocity model) precisely and efficiently,
because usually a great number of arrival-time data are used and ray tracing is em-
ployed several times for each datum for earthquake relocation and iterative tomo-
graphic inversions. Several exact 3-D ray tracing algorithms have been developed
(e.g., Jacob 1970; Wesson 1971; Julian and Gubbins 1977; Pereyra et al. 1980),
which solve the ray equation exactly and therefore require many complicated com-
putations (CPU). Hence, these algorithms are adaptable for some forward-modeling
studies, but inadequate for tomographic problems. Thurber and Ellsworth (1980)
and Horie (1980) proposed separately an inexpensive scheme for computing ap-
proximate travel times by determining a precise ray path in a 1-D local approxima-
tion to the 3-D velocity structure along each ray path. Thurber (1983) introduced an-
other approximate ray tracing technique which adopts a circular arc connecting the
hypocenter and receiver to represent the ray path. The two approximate techniques
work well when the epicentral distance is <50 km, whereas if the epicentral dis-
tance is greater, both the travel time and ray path computed by the two approximate
techniques deviate considerably from the true solution (Miyatake 1987). Hence the
two techniques are not applicable to most tomographic studies, because the seismic
networks used usually have apertures greater than 50 km.

A so-called pseudo-bending algorithm was developed by Um and Thurber
(1987) for fast 3-D ray tracing, which is described briefly in the following. After
some transformations, the ray equation can be written as:

dv dr
dv)-". 58
_ﬁj(gra as ds] (2.4)
ds? A% ’

where T is the position vector along a ray, and s is the ray length. The first term
of the right-hand side of Eq. (2.4) is a velocity gradient, whereas the second term
is simply the component of a velocity gradient parallel to the ray vector. Thus,
Eq. (2.4) states that the component of a velocity gradient normal to the ray vector
is always antiparallel to the ray path curvature. This geometric interpretation of the
ray equation was first given by Cerveny et al. (1977), which was used by Um and
Thurber (1987) for performing 3-D ray tracing.

Consider three adjacent points along a ray path (Fig. 2.2). Temporarily, we as-
sume that the two end points, X, , and X, _,, are fixed. A new point X 4» instead of
the previous point X, is sought to minimize the travel time along the ray segment
from X, , to X, ,. Two variables are defined for finding the new point X, : the
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Fig. 2.2 Illustration of a three-point perturbation scheme adopted by the pseudo-bending method
(Um and Thurber 1987). See the text for details

direction 7 and the amount R of offset from the mid-point X ... Because the local
ray direction at Xy, can be approximately expressed by the d1rect1on of the line
connecting the two end points of the ray segment, X, , and X, ,, the component of a
velocity gradient normal to that direction defines the curvature direction, according
to Eq. (2.4). Hence, this direction gives the correct offset direction at the point X’ o
which is as follows:

Xk+l — Xk—l

. 2.5)
|Xk+l - Xk—l

i = (grad V) [ (grad V) (X,,, =X, ,) |-

We need to estimate the velocity at the new point X ©» because it is unknown be-
fore the perturbation. Using a Taylor expansion of velocity at the mid-point, V
the velocity at the new point V/ is approximated by:

mid’

V', = +[n (grad V) id]R, (2.6)

mld

where (grad V) ., is the velocity gradient at the mid-point X ... Thus, the amount of
perturbation R along the direction 7 can be obtained by minimizing the travel time

along the ray segment connecting the three points X, |, X and X,

mid

OVl (CV, +1) LU ’ @7
4Ci-(grad V), | [4Cii-(grad V), ] 2CVime

where L =[X;,; —X;| and C = [ 1 +_V1 J/Z. For the derivation of Eq. (2.7),
see Um and Thurber (1987). ket V=l
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V(.1 h)

Fig. 2.3 Tllustration of a scheme using Snell’s law to find the intersection between a ray path A—B
and a velocity discontinuity MM’ (Zhao 1991; Zhao et al. 1992). See the text for details

This three-point perturbation scheme is successively extended to all the points
along a ray path. The perturbation is iteratively performed until the travel time con-
verges to a specified limit. Um and Thurber (1987) showed that the pseudo-bending
scheme can find accurate travel times and ray paths in a 3-D velocity model much
faster than the exact 3-D ray tracing techniques mentioned above, no matter how
long the ray is. However, Um and Thurber (1987) adopted Cartesian coordinates,
hence their code mainly works for a local tomography.

The pseudo-bending algorithm adopts a two-point bending approach but does
not solve exactly the ray equation, and so it takes a short CPU time. However, its
critical drawback is that it fails to work when a velocity discontinuity (e.g., the
Moho) exists, and hence, it is applicable only to a continuous velocity model with-
out any velocity discontinuity.

This shortcoming of the pseudo-bending scheme was overcome by Zhao (1991)
and Zhao et al. (1992) in their tomographic studies of the Japan subduction zone.
They proposed an algorithm that combines the pseudo-bending scheme and Snell’s
law to perform 3-D ray tracing in a general 3-D velocity model containing complex-
shaped velocity discontinuities. Consider the case shown in Fig. 2.3. A complex-
shaped velocity discontinuity, MM’, exists, and the velocities on its two sides, V (4,
A, h) and V (¢, A, h), are continuous and change in three-dimensions. A and B are
two points on different sides of MM’. Velocities at A and B are V, and V, respec-
tively. C is the intersection of a seismic ray AB and MM’. Velocities at C on the two
sides of MM’ are V_ and V ,, respectively. We take the arithmetic average V, of V,
and V ,, and the arithmetic average V, of V, and V ,:

V. +V
V1 — a cl ,
2
v, =%t Ve 2.8)

2
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Fig. 2.4 Illustration of the 3-D ray tracing algorithm by Zhao (1991) and Zhao et al. (1992). See
the text for details

to represent the mean velocities around AC and BC, respectively. This approxima-
tion is poor when A and B are far from MM’, but when both A and B are close to
MM’ the approximation will be good enough. We then iteratively use a bisection
method to find the accurate location of point C which satisfies Snell’s law:

sin®, sin0, (2.9
Vi v,

Figure 2.4 shows schematically the ray tracing algorithm of Zhao (1991) and Zhao
et al. (1992). For simplicity, we consider the case that three velocity discontinuities
exist. The straight line A -A, connecting the station and the hypocenter is assumed
to be an initial ray path. The intersections (A,, A; and A, etc.) of the ray path with
the discontinuities are called discontinuous points (DPs), whereas the points on the
ray path between two adjacent discontinuities are called continuous points (CPs).
The principle of the algorithm is that Snell’s law is used to perturb the DPs as
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described above (Fig. 2.3) and the pseudo-bending scheme is adopted to perturb the
CPs (Fig. 2.2).

As shown in Fig. 2.4, we first use Snell’s law to find new DPs A’, from A, and
A, A, fromA’, and A, and A’4 from A’, and A,. Next we use the pseudo-bending
scheme to find the new CPs, viz. B, from A, and A’,, B, from A’, and A’,, B, from
A’; and A’,, and B, from A’, and A,. Then, again using Snell’s law, we find A”,
from B, and B,, A”; from B, and B,, and A”, from B, and B, and so on. After a
number of iterations the ray path converges gradually to its true location.

Zhao (1991) and Zhao et al. (1992) wrote their ray tracing code in spherical co-
ordinates and tested the algorithm using various 3-D velocity models. They found
that their code can always obtain sufficiently accurate ray paths and travel times
and shorten the CPU time by one to two orders of magnitude as compared with the
exact ray tracing programs. Later, Zhao (2001b, 2004) applied this 3-D ray tracing
code to P, pP, PP, PcP and Pdiff phases for conducting whole-mantle tomographic
inversions by considering lateral depth variations of the Moho, and the 410 and
670 km discontinuities, at a global scale (Mooney et al. 1998; Flanagen and Shearer
1998). It is found that ray paths in a 3-D global velocity model deviate considerably
from those in the average 1-D model such as the iasp91 Earth model (Kennett and
Engdahl 1991), and the changes in travel time and ray path amount to as much as
3.9 s and 77 km, respectively (for details, see Zhao and Lei 2004, and Chap. 7 of
this book).

Several researchers have examined the algorithm of Zhao (1991) and Zhao et al.
(1992) and confirmed that it is a very robust and efficient scheme for conducting ray
tracing in general 3-D velocity models from local to global scales (e.g., Koketsu and
Sekine 1998; Sadeghi et al. 1999; Ballard et al. 2009; Huang et al. 2013).

All the above-mentioned ray tracing methods are based on the ray theory of seis-
mology, and they may have problems such as determining the global minimum trav-
el-time path when multiple paths exist, and if the structure is very heterogeneous,
longer CPU times and a more complex algorithm are required. To overcome these
problems, some researchers have proposed wavefront-type methods (e.g., Vidale
1988, 1990; Podvin and Lecomte 1991; Coultrip 1993). In the wavefront approach,
a travel-time field is constructed for the entire model space from the hypocenter, no
matter how complex the structure is. This feature is an advantage of the wavefront
approach, but is also its drawback. In practical applications, there are only a limited
number of seismic stations in a study area. We need only travel times and ray paths
from the hypocenter to the stations, and it is unnecessary to trace rays to other points
in the model (Zhao 2001a). In addition, to achieve a higher accuracy, a denser 3-D
grid is needed by the wavefront approach. Therefore, the larger the model is, the
greater is the CPU time required.

Moser (1991) applied network theory to seismology and proposed a shortest-
path method for ray tracing. Unlike in the wavefront method, Moser (1991) di-
rectly used paths between grid nodes to perform ray tracing. Although there are
differences in technical details, the principles of the wavefront and the shortest-path
methods are similar.
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2.1.3 Inversion

Formulation of the Tomographic Problem Starting with the initial hypocenter
parameters of a set of earthquakes (events), we estimate correction terms for the
hypocentral and velocity structure parameters, in such a way that all the arrival-time
data can be best explained in a least-squares sense. The observation equation for an
arrival-time datum is written as:

T =T+ (a—T) Ag, +(8T) A, +(8T) Ah, + AT,
¢ N oh J,

& dT
+ZBTAVn+eﬁ, (210)

n

where: T,;)bs is the observed arrival time for the ith event at the jth station;

Tcal is the calculated (or theoretical) arrival time;

Q,K,,h,,T are, respectively, the latitude, longitude, focal depth and origin time
of the ith event;

A@,AN,,Ah,,AT, are the perturbations of the four hypocentral parameters;

(BT) (BT) (B_T) are the partial derivatives of the travel time with respect
¢ "\ oh J,
to the hypocentral location;

V,,AV, are the velocity and its perturbation at the nth node of a 3-D grid ar-
ranged in the modeling space;

9T is the partial derivative of the travel time with respect to the velocity

av,
parameter; and

€; are higher-order terms of perturbations and error of the datum.

The theoretical travel time in Eq. (2.10) can be calculated using the above-men-
tioned 3-D ray tracing methods. The partial derivatives in Eq. (2.10) are calculated
for the (starting) velocity model and the ray path from the hypocenter to the station
determined with the 3-D ray tracing code. The partial derivatives of the travel time

with respect to the hypocenter location can be written as:

g; —(R,—=h)sini-cos a/V,,
g;l; —(R,—h)sini-cos¢-sin a/V,,

a—T=—cosi/Ve, (2.11)
oh
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where R, is the radius of the Earth, 7 is the take-off angle at the hypocenter, a is the
azimuth from the epicenter to the station, and Ve is the velocity at the hypocenter
(see Engdahl and Lee 1976). The partial derivatives with respect to the velocity
parameters cannot be calculated analytically, because they involve integrals along
the ray path:

2
aT station 1 aV ( ¢, 7\., h)
2 - - ds.
aVﬂ -[source {V(¢, }\,,h):| aVn s (212)

For computational simplicity, partial derivatives with respect to slowness (1/V) are
adopted (Thurber 1983). Instead of Eq. (2.12), we have:

aT _ J-station 8U ( ¢, }\., h) ds

>

IV, s QU (2.13)

where U =1/V_and U(@,A, h) =1/V (¢, A, h). This ray path integral is approxi-
mated by dividing the ray path into M segments:

M
aT — ZaU(¢m77\'m’hm)ASm,
U, = U, (2.14)

Where AS,, is the step length, and (¢, , A, ,4,) is the midpoint of the mth path seg-

m?2

ment (Thurber, 1983). The partial derivative dU is calculated using the interpola-
au,

tion function in Eq. (2.3).
A travel-time residual is expressed as:

ty =T =T (2.15)

All the residuals for a set of data form a column vector d of dimension N. The cor-
rections to all the hypocentral and velocity parameters form a column vector Am
which can be arranged as:

Am" = (Ag,, AN, Ah, AT, ... A@,, AN,,, Ah,,, AT, AV, AV,,... AV,),

where M, N, and K are the numbers of earthquakes, arrival-time data, and the 3-D
grid nodes representing the velocity structure, respectively. The vectors for the data
and the unknown parameters are related in the following observation equation:

d=GAm+e, (2.16)

where e is an error vector, G is a matrix with dimension N x(4M+K) whose ele-
ments are the partial derivatives in Eqs. (2.11 and 2.14).

There are several approaches to solve Eq. (2.16). Up to now, most tomographic
studies have used the damped least-squares method or iterative inversion methods
such as the conjugate-gradient type algorithm LSQR (Paige and Saunders 1982).
Hence, in the following, we briefly introduce the two kinds of inversion methods.
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Parameter Separation and Damped Least-Squares Methods When many earth-
quakes are used, the matrix G in Eq. (2.16) becomes very large and difficult to
handle. To overcome this problem, a so-called parameter separation scheme was
proposed (Pavlis and Booker 1980; Horiuchi et al. 1982a). Each earthquake results
in a set of observation equations such as Eq. (2.10), which can be expressed as
(Pavlis and Booker 1980; Thurber 1983):

d, = H,Ah, + M,Am, 2.17)
Lxl Lx4 4x1 LxK Kxl1

where d, is a vector containing L travel-time residuals of the ith earthquake, h, is a
vector containing corrections to the four hypocentral parameters of the ith event. H,
and M, are matrices containing partial derivatives of the travel-time with respect to
the hypocenter and velocity parameters for the ith event. By applying the param-
eter separation technique, a matrix Q is constructed which satisfies the following
relation:

QH, =0. (2.18)
(L—4)xL Lx4

Operating on Eq. (2.17) by Q leads to:
d =M, Am. (2.19)
(L-4x1 (L-4)xK KxI

Consider that the matrix M’ is composed of a set of submatrices M’; and the vec-
tor d”is composed of a set of subvectors d’;. As the number of seismic events
increases, M”and d’ become very large, causing difficulties of computer storage.
To overcome this problem, M’"M’and M’ d’ are accumulated sequentially as
each event is processed, resulting in a symmetric matrix and a vector of fixed size:

M/T M’ = ziM/iM/i’
M7Ta’ =Y M d.. (2.20)
Then applying the damped least-squares method, we can have the following normal
equation (e.g., Aki and Lee 1976; Thurber 1983):
M"M’+pI)Am =M""d’,

NXN NxN KxI[NxI
(2.21)

where I is a unit matrix, p is a constant called the damping parameter.
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The resolution matrix defined by Backus and Gilbert (1968) and Wiggins (1972)
is given by:

R=M"M"+pl)'M""™™M". (2.22)

The covariance matrix of Am can be written as:

D=c’(M""M'+pI)"'R, (2.23)
where
2 _ |0 -M’Am| (2.24)
N-K-4M

Many researchers have investigated the issue of using the matrix-type damped
least-squares method (Eqs. 2.21-2.24) to solve tomographic problems (e.g., Aki
and Lee 1976; Aki et al. 1977; Horiuchi et al. 1982a; Thurber 1983). One of the ad-
vantages of this method is that the resolution and covariance matrices can be com-
puted simultaneously with the solution. Its drawback is that when there are many
unknown parameters, the matrix M’"M’ needs great memory storage, and con-
structing M’"M’ requires much CPU time. Therefore, in most tomographic studies
using a large amount of data, instead of the matrix-type solver (Egs. 2.21-2.24),
iterative inversion methods are adopted to solve the large and sparse linear system
of observation equations (Eq. 2.16), such as the algebraic reconstruction technique
(ART) (Herman 1980), the simultaneous iterative reconstruction technique (SIRT)
(Humphreys and Clayton 1988), or projection-type methods such as the conjugate-
gradient (CG) techniques.

The LSOR Algorithm Among the above-mentioned iterative solvers, the CG-type
scheme, the LSQR algorithm by Paige and Saunders (1982), is the most popular
one, and it has been applied in most tomographic studies so far. It was first intro-
duced to seismology by Nolet (1985) to solve the tomographic problem. A simple
Rational Fortran version of LSQR was given by Nolet (1987). Some workers have
compared the operational behaviors of SIRT and LSQR and concluded that LSQR is
superior to SIRT (e.g., Nolet 1985; van der Sluis and van der Vorst 1985; Spakman
and Nolet 1988). Lees and Crosson (1989), however, showed that LSQR and SIRT
gave almost the same result. In realistic analyses, these algorithms may give sub-
stantially the same result, but the CG-type solver may be slightly superior from the
viewpoint of preferable operation behavior and fast convergence (Hirahara 1990).
Because LSQR seeks a solution from a set of orthogonal vectors, it should theo-
retically converge in K steps or less (K, dimension of the model space) to find the
exact least-squares solution. In practice, because the CPU time is limited, we have
to terminate the calculation after p iterations (p <« K), thus the orthogonalization ad-
opted by LSQR results in a faster convergence than the other iterative schemes (e.g.,
ART and SIRT) which do not adopt the orthogonality properties. Moreover, van der
Sluis and van der Vorst (1987) have shown that the LSQR algorithm starts the con-
struction of the solution by neglecting those components belonging to the smaller
eigenvalues of M’TM’ . The contributions of the smaller eigenvalues eventually
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enter the solution more and more as iteration proceeds, due to the intrinsic damping
properties of LSQR, which is similar to the SVD (singular value decomposition)
method with a sharp eigenvalue cut-off.

For more detailed discussions on tomographic inversion problems, see Horiu-
chi et al. (1982a); Paige and Saunders (1982); Thurber (1983); Nolet (1985, 1987,
2008); van der Sluis and van der Vorst (1987); Hirahara (1990); Zhao (1991); Iyer
and Hirahara (1993); Aster et al. (2005); Tarantola (2005) and Menke (2012).

Damping Regularization The damping parameter, p, in Eq. (2.21) is very important
for obtaining a reliable inversion result. Usually, a beginner in seismic tomography
finds it difficult to understand the role of the damping parameter. In a tomographic
inversion, if the ray paths are distributed uniformly and all the grid nodes are sam-
pled equally well (e.g., the case shown in Fig. 1.3), then damping regularization is
unnecessary and a perfect and unique solution can be obtained. In practice, how-
ever, damping regularization is always required, because the distribution of seismic
stations and earthquakes available in a study area is usually not uniform, leading
to a very heterogeneous distribution of ray paths. The grid nodes in the central part
of the study area are well sampled by the rays, whereas the nodes at the edge parts
of the study area are much less sampled. For the poorly-sampled nodes, the cor-
responding diagonal elements of the matrix M’"M” in Eq. (2.21) would be < 1,
being several orders of magnitude smaller than those for the well-sampled nodes
(i.e., having diagonal elements >> 1 ). Thus, if we do not adopt the damping regu-
larization (i.e., p=0), the solution (i.e., P- or S-wave velocity perturbations) at the
poorly-sampled nodes would become unacceptably large, and the obtained tomo-
graphic image would become a mess. To prevent such a situation from happening,
we have to add the damping parameter (p) to all the diagonal elements of the matrix
M’™" so that a reasonable solution can be obtained (see Eq. 2.21). The effect of
the damping parameter is significant to the poorly-sampled grid nodes, but very
trivial to the well-sampled nodes, because of the huge differences in the diagonal
elements of M’"M’ between the poorly- and well-sampled grid nodes. The strength
of damping depends on the uniformity of the ray distribution. The more heteroge-
neous the ray distribution is, the greater is the damping parameter needed.

To determine the damping parameter for a tomographic inversion, a rule of
thumb is p=(dT/dF)?, where dT is the standard error of the arrival-time data, dF is
the standard level of the fractional velocity variation (i.e., the norm of a 3-D veloc-
ity model) expected in the study area (Aki and Lee 1976). For example, if dT=0.1 s
and dF=5%, then p=4.0 s2.

A better way to determine the damping parameter is to use the trade-off curve
between the root-mean-square (RMS) travel-time residual and the norm of the 3-D
velocity model (see Fig. 2.5), which has been widely used in tomographic studies
since Eberhart-Phillips (1986). We need to conduct many tomographic inversions
using different values of the damping parameter, to seek its optimal value consider-
ing the balance between the reduction of the travel-time residual and the smoothness
of the resulting 3-D velocity model. Usually the damping parameter at the corner
of the trade-off curve is selected to be the optimal one (see Fig. 2.5). The trade-off
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Fig. 2.5 An example of trade-off curve for determining the optimal damping parameter in a tomo-
graphic study. The numbers beside the gray dots denote the damping parameters adopted in nine
tomographic inversions. The black dot denotes the optimal damping parameter which leads to the
best 3—D velocity model. (Modified from Huang and Zhao 2004)

curve approach has been also adopted to find the optimal value of the smoothing
parameter for a tomographic inversion (e.g., Zhao 2001b; Zhao et al. 2013).

2.1.4 Resolution and Error Analysis

Backus and Gilbert (1968) first showed that a solution of an inversion problem must
be examined with resolution and error analyses, and the inverted result becomes
valuable only after its resolution and error are evaluated properly. Although the
formulation of the resolution and covariance matrices (Eqs. 2.22 and 2.23) is well
known and applied in tomographic studies, the calculation of the matrices is not an
casy task in practice because of the large matrix size when a large data set is used.

By the concept of resolution, we wish to know how the true structure is recon-
structed in an inverted tomographic image. The most direct way to estimate the
resolution of a tomographic image is to perform the following operations: (1) make
a synthetic input model containing assigned velocity anomalies; (2) calculate a set
of synthetic travel-time data that result from tracing the rays of an actual set of data
for the synthetic model; (3) add random noise to the synthetic data to simulate the
picking errors of the observed data; (4) invert the synthetic data using the same
method as for the observed data; and (5) compare the inversion result with the syn-
thetic input model and examine how well or poorly the assigned velocity anomalies
are recovered.

Two kinds of resolution tests are usually conducted in current tomographic stud-
ies. The two tests are basically the same, except for the input synthetic model. The
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first is the so-called checkerboard resolution test (Humphreys and Clayton 1988;
Inoue et al. 1990; Zhao 1991; Zhao et al. 1992). To make a checkerboard model,
positive and negative velocity perturbations are assigned alternatively to 3-D grid
nodes (or blocks) arranged in a modeling space. The checkerboard image is straight-
forward and easy to remember. Therefore, by just seeing the result of the synthetic
inversion, one can easily understand where the resolution is good and where it is
poor in the study area.

The second test is the so-called restoring resolution test (Zhao 1991; Zhao et al.
1992). An input synthetic model is constructed which contains the main features of
the obtained tomographic image. Synthetic data are generated using a 3-D ray trac-
ing technique to trace the rays in the input synthetic model, because the input model
is a heterogeneous 3-D model rather than a simple homogeneous model. Comparing
the output result with the input model, one can know whether or not, and how well,
the main features of the obtained tomographic image are restored.

The checkerboard test is useful for understanding the degree of recovery in the
entire modeling space, but it is not enough to know the resolution and reliability of
some complicated structures such as magma chambers and subducting slabs, which
can be clarified by conducting the restoring resolution test. Many such synthetic
tests should be performed by adopting various input synthetic models with different
grid intervals and damping parameters, so that the quality and resolution scale of the
obtained tomographic image can be better known.

To estimate the standard errors of the model parameters, some researchers have
used statistical techniques such as jackknife and bootstrap (e.g., Lees and Crosson
1989; Tichelaar and Ruff 1989). These kinds of technique involve breaking the data
set down into many subsets, performing inversions on the subsets and calculating
a standard error from the set of inverted model parameters. Another approach is to
assume a distribution of noise for the data and to create artificial data with those
noise characteristics. These data are inverted, and the outcome is inspected as a
representation of the model uncertainty (e.g., Humphreys and Clayton 1988; Inoue
et al. 1990). The advantage of the jackknife type approach is that it is nonparamet-
ric, i.e., the data themselves are used to estimate the covariance and no assumption
is made about how the data are distributed. Its drawback is that many inversions are
required to be conducted with the subsets of data, which is a tedious and time con-
suming operation (Zhao 2001a). Theoretically, the number of inversions needed for
the jackknife or bootstrap is equal to the total number of data used. The jackknife
and bootstrap methods are computationally very expensive and are of questionable
use for large tomographic problems (Nolet et al. 1999).

Some researchers have attempted to estimate the resolution and covariance ma-
trices using iterative algorithms (e.g., LSQR) without explicitly performing the op-
erations involving the large and complex matrix (e.g., Zhang and McMechan 1995,
1996; Deal and Nolet 1996; Nolet et al. 1999; Yao et al. 1999; Vasco et al. 2003;
Zhang and Thurber 2007).
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2.1.5 Velocity Tomography Methods

In addition to the tomographic methods mentioned above and in Chap. 1, many ap-
proaches have been proposed to determine velocity tomography in practical studies.
Here, we briefly introduce these approaches. Those readers who are interested in the
technical details of these approaches are referred to the related references as follows.

Although most travel-time tomography studies use the first P- and S-wave ar-
rivals, some researchers have used later-phase data (i.e., reflected and converted
waves) to determine velocity tomography at both the local scale (e.g., Zhao et al.
1992, 2005; Xia et al. 2007; Gupta et al. 2009) and the global scale (e.g., Vasco et al.
1995, Zhao 2001b, 2004; Zhao et al. 2013). It is found that the later-phase data are
very useful in tomographic imaging, because they sample the Earth’s structure in
areas which are not well sampled by the first P- and S-waves.

A convectional tomography method can determine a 3-D velocity model beneath
a seismic network, but cannot determine tomography outside a seismic network.
Zhao et al. (2002, 2007) proposed an off-network tomography method to study
the 3-D velocity structure beneath oceanic areas adjacent to a land-based seismic
network. They have used the method to map the source zone of the great 2011
Tohoku-oki earthquake (Mw 9.0) beneath the Pacific Ocean (for details, see Zhao
et al. 2011; Huang and Zhao 2013, and Chap. 4 of this book).

The double-difference (DD) earthquake location algorithm has been developed
to relocate seismic events precisely (Waldhauser and Ellsworth 2000). It uses both
raw travel-time residuals and differential residuals for a pair of events which are lo-
cated closely to each other. This DD algorithm has been extended for conducting lo-
cal earthquake tomography (Zhang and Thurber 2003). One problem of the DD to-
mography is that those rays adopted for making the DD residuals are used multiple
times in constructing the system of observation equations, i.e., those same rays are
made to sample the Earth’s structure more than once. To avoid this problem, Wang
and Zhao (2006) conducted tomography using only the DD scheme of Waldhauser
and Ellsworth (2000) to relocate earthquakes, whereas for tomographic inversion
they used only the raw residuals but did not use the DD travel-time residuals.

Many researchers have studied the 3-D velocity structure by simultaneously in-
verting different kinds of seismological and geophysical data, e.g., joint inversions
of local and teleseismic travel-time data (e.g., Zhao et al. 1994, 2012; Lei et al.
2009), teleseismic P-wave amplitude and travel-time data (Neele et al. 1993), sur-
face-wave dispersion and receiver functions (e.g., Julia et al. 2000; Shen et al. 2013;
Wang et al. 2014), body-wave travel times and surface-wave data (e.g., West et al.
2004), body-wave travel times and Bouguer gravity data (e.g., Lees and VanDecar
1991), receiver functions, surface-wave dispersion and magnetotelluric data (e.g.,
Moorkamp et al. 2010), and body-wave, surface-wave and higher-mode waveforms
(e.g., Megnin and Romanowicz 2000).

The finite-frequency tomography method has been proposed (e.g., Montelli et al.
2004; Hung et al. 2004; Nolet 2008), but many studies have shown that the finite-
frequency and ray tomographic methods have produced essentially the same results
(e.g., van der Hilst and de Hoop 2005; Boschi et al. 2006; Tong et al. 2011, 2012).
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Many workers have used ambient-noise tomography to study shear-wave veloc-
ity structure of the crust and shallow mantle (e.g., Campillo and Paul 2003; Sha-
piro et al. 2005; Lin et al. 2008; Zheng et al. 2011; Kao et al. 2013). This method,
however, requires a dense, modern seismic network. The full waveform inversion
method has been developed and applied to study regional tomography (e.g., Fich-
tner et al. 2010, 2013). However, there have been few studies using such a method
to determine high-resolution local tomography.

2.2 Seismic Anisotropy Tomography

An important discovery in modern seismological observations is that some features
of seismic waves depend on the propagating direction. This phenomenon is called
seismic anisotropy. Anisotropic media exist widely in the Earth’s interior, from the
crust and mantle to the inner core, and these have been revealed by a large num-
ber of seismological observations and laboratory studies (for detailed reviews, see
Silver 1996; Fouch and Rondenay 2006; Long 2013). Studying seismic anisotropy
is very important to our understanding of the structure and dynamics of the Earth’s
interior because anisotropy provides a unique constraint on the character of past
and present deformation in the lithosphere and sublithospheric mantle. The ma-
jor causes of seismic anisotropy are lattice-preferred orientation (LPO) and shape-
preferred orientation (SPO) of the materials constituting the Earth. Both body-wave
and surface-wave data can be used to study seismic anisotropy. The body-wave
methods include shear-wave splitting, receiver functions, and P-wave travel times.
Fouch and Rondenay (2006) made a detailed review of the methods for determining
seismic anisotropy and their advantages and limitations.

Among the seismic anisotropy studies, P-wave anisotropic tomography is rela-
tively new and has only been developed and applied in the past decade, though Pn
anisotropy tomography has a longer history (e.g., Hearn 1996). The Pn-wave tomog-
raphy can only estimate 2-D P-wave velocity variations and azimuthal anisotropy
in the uppermost mantle directly beneath the Moho discontinuity, whereas P-wave
anisotropy tomography can determine the 3-D distribution of P-wave anisotropy in
the crust and upper mantle beneath a seismic network. Although measuring shear-
wave splitting is a popular and useful method to study (detect) seismic anisotropy,
it has no depth resolution. This drawback can be overcome by P-wave anisotropy
tomography. But one problem of P-wave anisotropy tomography is that there could
be a trade-off between velocity heterogeneity and anisotropy, in particular when
the ray path coverage is insufficient in different directions. However, recent studies
show that the trade-off problem can be resolved when earthquakes and seismic sta-
tions used in a tomographic inversion are densely and uniformly distributed in the
study area (e.g., Wang and Zhao 2012, 2013).

To fully express an anisotropic medium, 21 independent elastic moduli are re-
quired, which is very difficult to deal with in both theory and practice. Fortunately,
anisotropy with hexagonal symmetry is a good approximation to the rocks in the
Earth and reduces the number of free parameters describing the anisotropy (e.g.,
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Fig. 2.6 The coordinate system specifying a ray path (the dashed line) and the hexagonal sym-
metry axis (the red line) for a azimuthal anisotropy and b radial anisotropy (Ishise et al. 2012;
Wang and Zhao 2013). V is the propagation vector of a ray with incident angle i and azimuthal
angle @. @ is the angle between the propagation vector and the symmetry axis. For the azimuthal
anisotropy (a), the azimuthal angle ¥’ of the hexagonal symmetry axis is normal to the fast-
velocity direction

Christensen 1984; Park and Yu 1993; Maupin and Park 2007). For a further sim-
plification, the hexagonal symmetry is generally assumed to be horizontal when
the azimuthal anisotropy is concerned in shear-wave splitting measurements (e.g.,
Crampin, 1984; Silver, 1996; Savage 1999; Huang et al. 2011b, c; Long 2013) and
P-wave velocity studies (e.g., Hess 1964; Backus 1965; Raitt et al. 1969; Hearn
1996; Eberhart-Phillips and Henderson 2004; Wang and Zhao 2008, 2013); whereas
the hexagonal symmetry is generally assumed to be vertical when the radial anisot-
ropy is concerned in the form of a Vsh/Vsv variation (Vsh and Vsv are the velocities
of shear waves polarized horizontally and vertically, respectively) in surface-wave
studies (e.g., Nettles and Dziewonski 2008; Fichtner et al. 2010; Yuan et al. 2011)
and in the form of a Vph/Vpv variation (Vph and Vpv are the velocities of P-waves
propagating horizontally and vertically, respectively) in P-wave velocity studies
(e.g., Ishise et al. 2012; Wang and Zhao 2013; Wang et al. 2014). Here, we intro-
duce the recent tomographic methods for P-wave azimuthal and radial anisotropy,
following Wang and Zhao (2008, 2013).

2.2.1 P-wave Azimuthal Anisotropy Tomography

Following the formulation of Barclay et al. (1998) for hexagonal anisotropy, P-
wave slowness can be expressed as:

S =S, +M cos(20), (2.25)

where S is the total slowness, S, is the average slowness (i.e., isotropic com-
ponent), @ is the angle between the propagation vector and the symmetry axis
(Fig. 2.6), and M is the parameter for anisotropy. For weak azimuthal anisotropy
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with a horizontal hexagonal symmetry axis (Fig. 2.6a), the P-wave slowness can
be approximately expressed as (e.g., Backus 1965; Raitt et al. 1969; Hearn 1996;
Eberhart-Phillips and Henderson 2004; Wang and Zhao 2008, 2013):

S(¢) = S,(1+ 4, cos(2¢) + B, sin(2¢)), (2.26)

where § is the total slowness, S, is the azimuthal average slowness, 4, and B, are the
azimuthal anisotropy parameters, and ¢ is the ray path azimuth. The fast-velocity
direction (FVD) y and the amplitude « of the azimuthal anisotropy are expressed
as follows:

w=1-2,4=0,8 >0,
4
&,Al =0,B, <0,
_ 2 2
R Y @27

W, -4 +B)

where V}, is the average isotropic velocity, and Vi and Vv, are the velocities in the
fast and slow directions, respectively.

The relation between @ and the propagation vector is as follows (Eberhart-Phil-
lips and Henderson 2004):

cos @ = sini(sin gsin ¥ + cos ¢Pcos ), (2.28)

where 7 is the incident angle of a ray path. Thus, for local earthquakes which are
located in the modeling space, we have the following observation equation:

T —T = (S—T] Ap, + (g—i) A4, + (3—:) Ah,
q) mn mn mn

oT oT oT
AT, —AV —AA4 +—AB_|+E
’ 0n+§4(an pJ—F;(aAlq q+aqu lq]+ "
(2.29)
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where 7°% and T are the observed and calculated travel times from the nth
event to the mth station, ¢,,A,,h, and T, are the latitude, longitude, focal depth
and origin time of the nth event, respectively, and A denotes the perturbation of
a parameter. Two 3-D grid nets are set up in the modeling space, one grid net is
for expressing the 3-D isotropic velocity structure, whereas the other grid net is
for expressing the 3-D anisotropic structure (Huang et al. 2011a; Wang and Zhao
2013). In Eq. (2.29), V), is the isotropic velocity at the pth node of the first grid
net, whereas 4, and B, are the azimuthal anisotropy parameters at the gth node
of the second grid net. £, represents higher-order terms of perturbations and data
error. The first four terms on the right-hand side of Eq. (2.29) represent contribu-
tions of the four hypocentral parameters, which can be obtained using Eq. (2.11).

2.2.2 P-wave Radial Anisotropy Tomography

If the hexagonal symmetry axis is vertical (Fig. 2.6b), Eq. (2.25) can be rewritten as
follows (Ishise et al. 2012; Wang and Zhao 2013):

S =8, + M cos(2i) =S, (1 + Sﬂcos@i)) =8, (1+ M, cos(2i)). (2.30)
0

The amplitude /5 of radial anisotropy is defined as:

B= Vo =V _ M, (2.31)
2V, 1-M?’
hence, >0 indicates that the horizontally-propagating P-wave travels faster than
the vertical one, i.e., Vo /va >1.

By using Eq. (2.30), the travel time 7, of the kth ray segment with length J
can be written as:

T, =dS =d(1+ My, cos(2i,))/ V,,
r= ;Tk’ (2.32)

where T is the total travel time of the ray, ¥, is the isotropic velocity at the middle
point of the kth ray segment, A, is the parameter for the radial anisotropy at the
middle point of the kth ray segment, and j, is the incident angle of the kth ray
segment. Thus, the partial derivatives of the travel time with respect to the velocity
and radial anisotropy are expressed as:

oT .

7 =—d(1+M,, cos(2i,))/V;,

ofr d ,

N =7kcos(21k). (2.33)

Similar to the P-wave tomography for azimuthal anisotropy (Wang and Zhao 2008),
V, and M,, ata point are calculated using linear interpolation of the parameters
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at the eight grid nodes surrounding that point. Then, the travel-time residual can be
written as:

-1 - (g—T) 80,+( 20 ) 8,420 o+
4

Z{ —AV, +Z{ AM,, |+E,,. (234

Similar to the case of isotropic velocity tomography (Zhao et al. 1992, 2009),
Egs. (2.29 and 2.34) are solved using the LSQR algorithm with damping and
smoothing regularizations (Wang and Zhao 2008, 2013).

2.3 Seismic Attenuation Tomography

Seismic attenuation (Q) is an important seismological parameter because it provides
information on the physical properties and composition of materials in the crust
and mantle. Q is sometimes more sensitive to temperature variation and melts than
seismic velocity. There are basically three effects which can cause the attenuation of
seismic waves (Cormier 1989). The first is geometric spreading, i.e., the reduction
of energy density due to the expansion of wavefront with distance. The second is
intrinsic attenuation, which is energy lost to heat and internal friction when seismic
waves pass through the medium. The third effect is scattering attenuation, when
elastic energy is not lost to heat but is redistributed into angular directions away
from the receiver or changed to wave types arriving in different time windows at the
receiver. Scattering occurs by reflection, refraction, and conversion of elastic en-
ergy, by structural heterogeneities which are either discontinuities or rapid changes
in seismic velocity and/or density in the Earth’s interior (Cormier 1989).

The intrinsic attenuation structure can be determined using amplitudes, or the
amplitude spectra, of seismic waves with a method similar to velocity tomography.
When seismic waves pass through an attenuating body, their amplitudes are reduced
and their spectral contents are altered, just like velocity anomalies change the travel
times of seismic waves. The physical parameter adopted to quantify seismic at-
tenuation is the quality factor (Q). Low-Q and high-Q values indicate strong and
weak seismic attenuations, respectively. Usually, attenuation (Q) tomography has
a lower spatial resolution than velocity tomography in a study area due to at least
three reasons. The first is that the amplitude, or amplitude spectrum, data of seismic
waves are usually measured by researchers manually or semi-automatically with a
complicated procedure. Hence, the attenuation data cannot be measured as much as
the arrival-time data. The second is that the amplitudes and spectra are sensitive to
the local and surficial structure beneath a seismic station, and so their measurements
are usually noisier and hence cannot be measured very accurately as arrival-time
pickings. The third reason is that Q has much greater variations than the seismic
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velocity. The velocity may vary by 5-10% from the subducting slab to the overly-
ing mantle wedge, while Q may change by 3000 % (e.g., from 50 to 1500). Because
of these reasons, a Q study usually takes much greater effort than a velocity study,
and consequently, there have been actually many fewer Q tomography models than
3-D velocity models.

Seismic attenuation tomography has also been estimated using seismic intensity
data (e.g., Hashida 1989). The attenuation images thus obtained show some simi-
larity to the Q models determined using amplitudes and the amplitude spectra of
seismic waves. However, we cannot expect to obtain high-resolution and accurate
Q tomography using intensity data, considering its subjective nature.

Here, we introduce a currently well-used Q tomography method utilizing seismic
waveform data, following Liu et al. (2014) who determined high-resolution 3-D
P- and S-wave attenuation (Qp and Qs) models of the Tohoku subduction zone.
They measured a large number of high-quality t* data precisely from P- and S-
wave velocity amplitude spectra of local earthquakes over a frequency range of
0.5-25.0 Hz. ¢~ is a whole-path attenuation operator, which is expressed as:

(2.35)

. 1
t = J.—ds,
. QW (s)
path

where Q(s) and V' (s) are the quality factor and seismic velocity along the ray path
s, respectively (e.g., Scherbaum 1990). Thus, the 3-D Q variation can be estimated
from ¢ for a set of earthquakes and with a 3-D velocity model. The observed
velocity amplitude spectrum 4;(f) of event i at station ; can be modeled as
(Scherbaum 1990):

A (f)=27f-S,()-B;()-T,(f)-1,(f), (2.36)

where £ is the frequency, S,(f) is the source spectrum, B;;(f) is the attenuation
spectrum along the ray path from event ; to station j, 7;(f) is the site response,
and /;(f) is the instrumental response. According to the @” -source model (Brune,
1970), the source spectrum S;(f) can be expressed as:

1
S;(N=Qy—7
ML(f ] 1)
where Q; and f, are the long-period plateau value and the corner frequency for
event i, respectively. Assuming whole-path attenuation, the attenuation spectrum
B;(f) can be written as:

(2.37)

B, (f)=exp(-mf"t"), (2.38)
where ¢ is a frequency-dependent factor (e.g., Scherbaum 1990; Eberhart-Phillips

and Chadwick 2002; Eberhart-Phillips et al. 2008; Ko et al. 2012). Using Eqgs. (2.37
and 2.38), Eq. (2.36) can be rewritten as:

4,()=27fQ, exp(-zf" "), (2.39)

1
(1 1)
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if we can remove, or minimize, the effects of the site response 7; (/) and the in-
strumental response / (/).

As shown in Eq. (2.39), the corner frequency f,; is coupled with the whole-
path attenuation operator ¢ *, and so trade-off may occur between them during the
spectra-fitting procedure estimating them simultaneously (e.g., Scherbaum 1990;
Ko et al. 2012; Liu et al. 2014). To tackle this trade-off problem and obtain high-
quality ¢ " data, the multi-window spectral ratio method (Imanishi and Ellsworth
20006) is used to first estimate the corner frequencies of local earthquakes indepen-
dently and then to determine the ¢ values with the corner frequencies obtained. Fol-
lowing Eq. (2.36), the velocity spectral ratio for a pair of earthquakes (events / and
s) recorded by the same station ; is:

A, 27f 85,0 B,(N) T, () 1,()

where Bj;(f) and By;(f) can be considered equivalent, when the two events are
very close to each other, and hence, share almost the same ray path. Thus, Eq. (2.40)
can be rewritten as:

40 S 9 ”(% ) 2.41)

where the corner frequencies f,, and 7, can be obtained by fitting the velocity
spectral ratio. Equation (2.41) shows that the spectral ratio method can estimate pre-
cisely the corner frequencies, largely eliminating the whole-path attenuation (/*)
effect (e.g., Frankel and Wennerberg 1989; Imanishi and Ellsworth 2006; Liu et al.
2014).

Liu et al. (2014) estimated the velocity spectral ratio for a pair of nearby earth-
quakes recorded at the same station, and did this for all the 316 seismic stations in
their study region. All of the spectral ratios for an event pair are stacked if they have
a sufficient signal-to-noise (S/N) ratio (>2.0) in the frequency band 0.5-25.0 Hz.
A grid search approach is adopted to fit the stacked spectral ratio to determine the
corner frequencies of an event pair (Fig. 2.7). For a robust measurement, Liu et al.
(2014) not only estimated the corner frequencies of an event pair from P and S
direct-wave velocity spectral ratios, but also determined them from P and S coda-
wave velocity spectral ratios (Fig. 2.7), because the coda waves could provide more
stable spectral ratios which better constrain the source parameters (e.g., Mayeda
et al. 2007). They estimated the average velocity spectra from the vertical compo-
nent for direct P-waves and P-coda waves, and measured them from the transverse
and radial components for direct S-waves and S-coda waves (Fig. 2.7). The final
P-wave corner frequency of an event is taken to be the weighted average of the val-
ues estimated from the direct P and P-coda wave-velocity spectral ratios. Similarly,
the weighted average of the values estimated from the direct S and S-coda wave-
velocity spectral ratios is taken to be the final S-wave corner frequency of an event.
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Large evenl: 201103210617 56.38 36.950N 141.913E  11.94km M43
Small event: 200707150605 36,86 36.976N 141.922E  11.78km M35

P-direct P-coda
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Fig. 2.7 An example of a spectral ratio analysis for a pair of earthquakes. The gray thin lines
denote spectral ratios for various time windows, components, and stations. The blue bold lines
show stacked spectral ratios. The red bold lines and the vertical dashed lines show the theoretical
spectral ratios and corner frequencies, respectively. Hypocenter parameters of the event pair are
shown at the top and in Fig. 2.8. The durations of time windows of various components are shown
at the bottom. Corner frequencies of the larger and smaller events (fcl, fcs); root-mean-square of
the spectral ratio residual (rms); and the number of spectral ratios (gray thin lines) used to calculate
the stacked spectral ratio (num). (Modified from Liu et al. 2014)

The obtained P- and S-wave corner frequencies of each event are used to fit P-
and S-wave amplitude decay observations from the waveforms for measuring 7 ,
and t*s , respectively (Fig. 2.8), following the approach of Eberhart-Phillips and
Chadwick (2002). The long-period plateau value is estimated by:

o -1 3 A7) (2.42)

0i T ] >
" om I<fu A;?Qw:n )

where A;?éloi=1) (f) is calculated from Eq. (2.39) given an initial estimate of ¢,
A,?bs (/) is observed, and 7 is the number of data points for the velocity amplitude
spectrum 4;(f) over the frequency ban (f < f.;)- Then, the estimated Q,; is
used in Eq. (2.43) to get a better-fitting ¢ :

D[4 (O =Y (4" (NS
_ f .
”; f? (2.43)
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Fig. 2.8 An example of fitting t* for an earthquake at two stations. In each panel, the black and
gray lines denote the observed velocity and noise spectra, respectively; the vertical dashed line
shows the corner frequency derived from the observed spectrum; the blue line shows the theoreti-
cal velocity spectrum with frequency-independent Q and a=0, while the green line shows the theo-
retical velocity spectra with frequency-dependent Q and 0=0.27 (see text for details). Hypocenter
parameters of the event are shown at the top. The red dot and blue square in each inset map denote
the epicenter and the seismic station, respectively. Durations of the time windows of various com-
ponents are the same as those shown in Fig. 2.7. fc, corner frequency; rms, root-mean-square of the
velocity spectra residual; Qa, path average Q. (Modified from Liu et al. 2014)

The estimated  is used in Eq. (2.42*) for another iteration of fitting €. which is
then used to estimate an improved ¢ (Eberhart-Phillips and Chadwick 2002). Liu
et al. (2014) made five iterations of this process for measuring ¢, which resulted in
a convergent and reliable estimate of ‘¢ (Fig. 2.8). Although the precise calibration
does not influence measuring ¢, because the decay is not fitted for the absolute am-
plitude (Eberhart-Phillips et al. 2008), the effects of the instrumental response and
the site response are minimized by the iterative process.
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Liu et al. (2014) modified the velocity tomography method of Zhao et al. (1992,
2009) to determine 3-D Qp and Qs models using the measured ¢ data. To express
the 3-D Q structure, a 3-D grid net is set up in the modeling space. Because the ve-
locity and Q parameters are coupled with each other in Eq. (2.35), the perturbation
to the product of velocity and Q (VQ) at each grid node from a starting VQ model is
taken to be the unknown parameter. The VQ perturbation at any point in the model
is calculated by linearly interpolating the VQ perturbations at the eight grid nodes
surrounding that point. The starting VQ model is calculated from a well-constrained
3-D velocity model (Huang and Zhao 2013) and the initial Qp and Qs under the
study region. The 3-D ray tracing technique of Zhao et al. (1992) is used to compute
theoretical ¢ and ray paths. Lateral depth variations of the Conrad and Moho dis-
continuities and the upper boundary of the subducting Pacific slab (Zhao et al. 1992,
2009) are taken into account in the 3-D ray tracing and the tomographic inversion.
A damped least-squares method is used to solve the large and sparse system of ob-
servation equations that relate the observed /* data to the unknown parameters. The
3-D Q model is obtained from the inverted VQ result divided by the 3-D velocity
model under the study region (Liu et al. 2014).

2.4 Other Physical Parameters

Poisson’s ratio (o) is the negative ratio of the transverse to axial strain, and it is
related to the P- and S-wave velocities (Vp, Vs) as follows:

(@)2 _2(1-0) (2.44)
Vs 1-20

Hence, when 3-D Vp and Vs models are determined for a region by tomographic
inversion, images of the Poisson’s ratio, or Vp/Vs, can be obtained easily, and they
are often used to discuss thermal anomalies in a volcanic area, the melt and fluid
content in the crust and mantle, and fore-arc mantle serpentinization, etc. (e.g., Zhao
et al. 1996; Christensen 1996, 2004; Kamiya and Kobayashi 2000). In addition, the
bulk sound velocity (V,) can also be derived from Vp and Vs:

4
V, =,/ Vp? —EVSZ, (2.45)

and it can be used to discuss thermal and compositional variations in the mantle
(e.g., Kennett et al. 1998; Masters et al. 2000).

Fishwick (2006) proposed the use of velocity gradient maps, because the in-
terpretation of tomographic images may be dependent on the choice of reference
models or a particular color scale, whereas gradient maps provide an image that is
independent of the reference model.

With some assumptions, a few other parameters can be estimated using Vp and
Vs. For example, Zhao and Mizuno (1999) estimated the 3-D distribution of crack
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density and saturation rate in the 1995 Kobe earthquake area by applying the crack
theory of O’Connell and Budiansky (1974) to values of Vp, Vs and Poisson’s ratio
obtained from local earthquake tomography (Zhao et al. 1996). Their results show
that the Kobe source zone exhibits high values of crack density and saturation rate.
Mishra and Zhao (2003) used the same approach to estimate the 3-D distribution
of crack density and saturation rate in the source area of the 2000 Bhuj earthquake
(M 7.8) in western India. Tian and Liu (2013) discussed the geophysical properties
of the interplate megathrust zone beneath the Tohoku fore-arc using 3-D images of
six physical parameters: Vp, Vs, Poisson’s ratio, crack density, saturation rate, and
Vp azimuthal anisotropy. Applying the crack theory of Takei (2002) to 3-D Vp and
Vs values obtained by travel-time tomography, Nakajima et al. (2005) discussed
the shape and volume fraction of the melt-filled pores in the inclined low-V zone in
the mantle wedge beneath NE Japan. In addition, some researchers have used
R=dInVs/dInVp, the ratio of the fractional changes in Vs and Vp, to discuss par-
tial melts and thermal anomalies in the upper and lower mantle (e.g., Karato 1993;
Masters et al. 2000; Takei 2002).

Shito and Shibutan (2003) estimated temperature, water content and chemical
composition effects (concentration of iron) in the upper mantle beneath the northern
Philippine Sea using attenuation and velocity tomography results. Yamada et al.
(2009) and Suetsugu et al. (2010) estimated lateral variations in temperature and
water content in the mantle transition zone under the Japan Islands and the Philip-
pine Sea, respectively, using P-wave velocities and depth variations of the 410 and
660 km discontinuities determined by seismological methods and partial deriva-
tives of velocity and depth variations with respect to temperature and water content
determined by mineral physics studies.
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Chapter 3
Subduction Zone Tomography

Abstract In this chapter, we review recent seismic tomography studies of subduc-
tion zones and new insights into arc magmatism, seismotectonics and subduction
dynamics. Seismic velocity and attenuation tomography clearly reveals subduct-
ing slabs as high-velocity and low-attenuation zones, where intermediate-depth and
deep earthquakes occur. In the crust and upper-mantle wedge, low-velocity (low-V)
and high-attenuation (low-Q) anomalies are revealed beneath arc and back-arc vol-
canoes, and they extend to a deeper portion of the mantle wedge, indicating that the
low-V and low-Q anomalies reflect source zones of arc magmatism and volcanism
which are caused by corner flow in the mantle wedge and fluids from slab dehydra-
tion. P-wave anisotropy tomography and shear-wave splitting measurements also
provide important constraints on mantle flows and dynamics in subduction zones.

Keywords Subduction zones + Arc magmatism - Seismic tomography - Attenuation
- Anisotropy

Subduction zones are convergent plate boundaries which are characterized geo-
graphically by deep ocean trenches and island arcs or continental margins; seismi-
cally by the most abundant and largest earthquakes and the dipping Wadati-Benioff
zone of intermediate-depth and deep earthquakes; tectonically by extensive crustal
faulting and mountain building; and magmatically by a trench-parallel linear belt
of active volcanoes, i.e., the volcanic front (e.g., Zhao 2001a, 2012). Plate subduc-
tion is a fundamental and unique process in terrestrial tectonics and geodynamics.
Subduction and arc magmatism play a key role in the differentiation and evolution
of the Earth. Therefore, the study of subduction zones is one of the most important
subjects in geoscience.

Seismic tomography was applied to study the three-dimensional (3-D) velocity
structure of subduction zones soon after the method was proposed, e.g., Hirahara
(1977, 1981), Horie and Aki (1982), and Takanami (1982), etc. (see Zhao 2012 for
a detailed review of the advent of subduction-zone tomography). Compared with
other tectonic settings, subduction zones are particularly adaptable to tomographic
studies. This is because abundant shallow and deep earthquakes provide crisscross-
ing seismic rays in a 3-D volume for a tomographic inversion, and the existence of
a cold subducting slab and hot magmas in the crust and the mantle wedge leads to
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strong contrasts in seismic velocity and attenuation which can be imaged by seismic
tomography. During the past 3 decades, many important tomographic results have
been obtained for subduction zones, which have greatly improved our understand-
ing of subduction dynamics. On the other hand, the special tectonic setting and
distribution of seismic rays in a subduction zone have also lead to important techni-
cal advances in seismic tomography (see the review by Zhao 2012, and Chap. 2 of
this book). It is reasonable to submit that, up to the present, subduction zones are
the best test field where seismic tomography has been applied and developed most
successfully.

To date, a great number of tomographic studies have been reported for subduc-
tion zones, and there have been several reviews on subduction-zone geophysics
including tomographic studies (e.g., Zhao 2001a, 2012; Stern 2002; Hasegawa et al.
2009). However, these previous reviews focused on the earlier velocity tomography
results of subduction zones. During the past decade, thanks both to advances in seis-
mic instrumentation in many regions and seismological methodology, significant
progress has been made in the seismic imaging of subduction zones, including not
only high-resolution velocity tomography, but also seismic attenuation and anisot-
ropy tomography. The present review covers these recent tomographic findings and
the new insights obtained into arc magmatism and subduction dynamics. For this
purpose, we focus on high-resolution local-scale tomographic results relating to the
crust and upper mantle of subduction zones. The deep structures of subducting slabs
in the mantle transition zone and the lower mantle are covered in Chaps. 6 and 8§ of
this book.

3.1 Seismic Velocity Tomography

So far, velocity tomographic images obtained for most subduction zones have been
determined by mainly using two kinds of travel-time tomographic methods. One is
local earthquake tomography (Aki and Lee 1976; Thurber 1983; Zhao et al. 1992)
which uses the arrival-time data of local earthquakes in the crust and the subducting
slab beneath a seismic network, enabling 3-D velocity tomography to be determined
for the crust, the upper-mantle wedge and the upper part of the subducting slab (e.g.,
Horie and Aki 1982; Takanami 1982; Hasemi et al. 1984; Ishida and Hasemi 1988).
Zhao et al. (1992) improved the local tomography method, enabling it to handle
complex velocity discontinuities in the study area. Their new method was applied
to arrival-time data of first P- and S-waves, as well as PS and SP converted waves at
the Moho and the upper boundary of the subducting Pacific slab, resulting in high-
resolution P- and S-wave velocity (Vp, Vs) tomography down to a depth of 200 km
beneath Northeast Japan (Zhao et al. 1992).

The other widely-used method is teleseismic tomography (Aki et al. 1977) which
uses relative travel-time residuals of teleseismic events recorded by a local seis-
mic network, enabling the deeper structure of a subduction zone to be determined.
Zhao et al. (1994) proposed to use local and teleseismic data simultaneously in
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a tomographic inversion. This joint inversion approach preserves the advantages
of local earthquake tomography and teleseismic tomography and overcomes their
drawbacks. The horizontally-propagating local rays and vertically-traveling tele-
seismic rays crisscross well in the shallow portion of the model, which can improve
the resolution there.

These tomographic methods have become powerful and effective tools for study-
ing the seismic velocity structure and dynamics of subduction zones. The high-res-
olution tomographic images obtained have shed new light on the detailed structure
and processes in different parts of the subduction factory.

3.1.1 Subducting Slabs

To date, three seismological approaches have been adopted to detect a subducting
slab and to estimate the slab geometry. The first approach is to map the Wadati-
Benioff deep seismic zone which represents the general morphology of a subduct-
ing slab (e.g., Fig. 3.1), because all the intermediate-depth and deep earthquakes
(60-700 km depths) take place within the subducting slabs (e.g., Umino and
Hasegawa 1975; Hasegawa et al. 1978, 2009; Bevis and Isacks 1984; Ishida 1992;
Zhao and Hasegawa 1993; Umino et al. 1995; Syracuse and Abers 2006; Gamage
et al. 2009; Hayes et al. 2012; McCrory et al. 2012). The second approach is to use
reflected and converted waves generated at the slab boundary, or trapped waves
within the subducted oceanic crust, to locate the slab boundary (e.g., Okada 1971,
1979; Snoke et al. 1977; Hasegawa et al. 1978; Nakanishi 1980; Hori et al. 1985;
Matsuzawa et al. 1986, 1990; Obara 1989; Zhao et al. 1997a; Ohkura 2000; Martin
et al. 2003; Abers 2005; Osada et al. 2010; Horleston and Helffrich 2012; Miyoshi
et al. 2012; Shiina et al. 2013). Teleseismic receiver functions also belong to this
approach because P to S converted waves at the slab boundary are processed (e.g.,
Yuan et al. 2000; Kind et al. 2002; Ferris et al. 2003; Shiomi et al. 2004; Ai et al.
2005; Kawakatsu and Watada 2007; Igarashi 2009; lidaka et al. 2009; MacKenzie
etal. 2010; Melgar and Perez-Campos 2011; Kim et al. 2012, 2013; Abe et al. 2013;
Bostock 2013). The third approach for detecting subducting slabs is tomographic
imaging. Subducting slabs are colder than the surrounding mantle and so they al-
ways exhibit a faster seismic velocity, which can be imaged by seismic tomography.

Each of the three approaches has advantages and drawbacks. The first approach
is straightforward; however, it can only express the seismogenic parts of a subduct-
ing slab and cannot show aseismic slabs (e.g., Zhao et al. 2012; Huang et al. 2013).
The upper surface of the Wadati-Benioff zone is actually different from the slab
upper boundary. Detailed studies of PS and SP converted phases in NE Japan show
that the slab upper boundary is actually slightly shallower than the upper surface
of the Wadati-Benioff zone (e.g., Matsuzawa et al. 1986, 1990; Zhao et al. 1997a).
In addition, poor hypocentral locations of intermediate-depth and deep earthquakes
would cause uncertainty of the Wadati-Benioff zone. The second approach can de-
termine the precise location and geometry of the slab boundary for both seismic
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Fig. 3.1 Tectonic settings of the Japan subduction zone. The solid sawtooth lines and the black
dashed line denote the plate boundaries. The red triangles denote active volcanoes. The thin blue
and pink lines denote the depth contours to the upper boundary of the subducting Pacific slab and
that of the subducting Philippine Sea slab, respectively. (Modified from Liu et al. 2013a)

and aseismic slabs. However, a (dense) seismic network is required to detect the
slab-related later phases, but such later phases may not be detected easily, even if
a dense seismic network is available, because the later phases may not show up if
the slab boundary is not sharp enough. Teleseismic receiver-functions can detect the
slab boundary, but there are usually large uncertainties in the location of the slab
boundary, amounting to 10 km or even greater. The third approach, seismic tomog-
raphy, can detect a slab-related high-velocity (high-V) anomaly, but it cannot deter-
mine the precise location of the slab boundary as do later-phase studies. Because of
the limited resolution of a tomographic model, slab-related high-V anomalies are
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Fig. 3.2 Vertical cross-sections of P-wave tomography along the profiles shown on the inset map.
Red and blue colors denote low and high velocities, respectively. The velocity perturbation (in %)
scale is shown below the inset map. The red triangles denote the active arc volcanoes. The black
bar atop each cross-section denotes the land area. The two dashed lines in each cross-section rep-
resent the 410 and 660 km discontinuities. The white dots denote seismicity that occurred within a
20 km width of each profile. MTZ is the mantle transition zone. (Modified from Zhao et al. 2012)

usually blurred, and hence the thickness and geometry of the slab are usually hard
to estimate precisely from the tomographic images.

In well-studied subduction zones, such as Japan, the three approaches have been
used jointly to study the fine structures of the subducting Pacific and Philippine
Sea (PHS) slabs (e.g., Figs. 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9 and 3.10). The
subducting Pacific slab beneath Japan is clearly imaged as a high-V zone which has
a thickness of 85-90 km and a P-wave velocity 4-6 % faster than that of the sur-
rounding mantle (e.g., Zhao et al. 1994, 2012; Hasegawa et al. 2009; Huang et al.
2011a). Intermediate-depth earthquakes form a clear double seismic zone within the
Pacific slab down to ~ 180 km depth under NE Japan (e.g., Umino and Hasegawa
1975; Hasegawa et al. 1978; Gamage et al. 2009). The double seismic zone within
a subducting slab has also been found in many other subduction zones in the world
(see the reviews by Peacock 2001; Hasegawa et al. 2009). The young PHS slab
under SW Japan has a thickness of 30-50 km (e.g., Zhao et al. 2000, 2011a; Wang
and Zhao 2006a; Xia et al. 2008). Recently, it has been revealed that the PHS slab
has subducted aseismically down to a depth of 430460 km beneath the back-arc
region of the SW Japan arc (Zhao et al. 2012; Huang et al. 2013) (Figs. 3.5 and 3.6).
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Fig. 3.3 The same as Fig. 3.2 but for vertical cross-sections beneath Tohoku as shown on the inset
map. (Modified from Zhao et al. 2012)
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Fig. 3.4 The same as Fig. 3.2 but for different vertical cross-sections as shown on the inset map.
(Modified from Zhao et al. 2012)
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Fig. 3.5 Vertical cross-sections of P-wave tomography along the profiles shown on the inset map.
Red and blue colors denote lower and higher velocities (in %), respectively. The velocity perturba-
tion scale is shown on the right. The red and black triangles denote active volcanoes. The surface
topography is shown atop each cross-section. The three dashed lines in each cross-section repre-
sent the Moho, 410- and 660 km discontinuities. The white dots denote seismicity that occurred
within a 20-km width of each profile. The estimated upper boundary of the subducting Philippine
Sea slab (PHS) is shown by a dashed line. MTZ indicates the mantle transition zone. (Modified
from Huang et al. 2013)

The interior structure of subducting slabs appears to be very heterogeneous. The
subducted oceanic crust is revealed at the top of subducting slabs under many re-
gions, and has a thickness of <10 km (e.g., Hori et al. 1985; Matsuzawa et al. 1986;
Abers and Sarker 1996; Martin et al. 2003; Abers 2005; Xia et al. 2008; Abe et al.
2013; Shiina et al. 2013). Tomographic images also show velocity variations within
the subducting slabs, which may be associated with the inhomogeneous distribution
of intraslab earthquakes (e.g., Zhao et al. 1992, 2002; Nakajima et al. 2001; Peacock
2001; Mishra and Zhao 2004; Kita et al. 2006; Hasegawa et al. 2009; Huang et al.
2011a; Abers et al. 2013). Forward-modeling of deep-earthquake travel times and
receiver-function studies revealed a thin low-V zone within the subducting Pacific
slab in the mantle transition zone (410-660 km depth), which may reflect a meta-
stable olivine wedge probably associated with the generation of deep-focus earth-
quakes (e.g., lidaka and Suetsugu 1992; Kaneshima et al. 2007; Jiang et al. 2008;
Jiang and Zhao 2011; Kawakatsu and Yoshioka 2011). However, fine structures of
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Fig. 3.6 Depth contours to the upper boundary of the subducting Pacific slab (the blue dashed
lines) and that of the subducting Philippine Sea (PHS) slab. The bold blue line denotes the 575 km
depth contour of the Pacific slab which becomes stagnant in the mantle transition zone to the west
of the contour line, according to Zhao (2004). The gray lines denote the seismic parts of the PHS
slab estimated from the seismicity in the PHS slab and local-earthquake tomography (Nakajima
et al. 2009). The red lines show the upper boundary of the aseismic PHS slab estimated from the
teleseismic tomography (Zhao et al. 2012; Huang et al. 2013). The red triangles denote active
volcanoes. (Modified from Huang et al. 2013)

the subducting slabs are still not yet well resolved, which will be an important sub-
ject of future studies when better seismological data become available; in particular,
waveform data from ocean-bottom-seismometer (OBS) networks deployed in the
marginal seas of the back-arc areas where intermediate-depth and deep earthquakes
take place.
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Fig. 3.7 The same as Fig. 3.2 but for P-wave velocity tomography under NE Japan down to a
depth of 200 km. The three black lines denote the Conrad and Moho discontinuities and the upper
boundary of the subducting Pacific slab. The dashed lines denote the estimated lower boundary

of the slab. The red dots denote low-frequency microearthquakes. (Modified from Huang et al.
2011a)
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Fig. 3.8 Vertical cross-sections of (a, ¢) P- and (b, d) S-wave tomography along the volcanic front
(c, d) and the Japan Sea coast (a, b) in NE Japan. Other labeling is the same as that in Fig. 3.7.
(Modified from Huang et al. 2011a)
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Fig. 3.9 The same as Fig. 3.7 but (a, ¢) P- and (b, d) S-wave tomography under the Kanto-Izu
area. In (a, b), the dashed lines denote the estimated upper and lower boundaries of the Philippine
Sea slab, and the red stars denote the 1923 Kanto earthquake (M 7.9). The dashed lines in (¢, d)
denote the Moho discontinuity. (Modified from Wang and Zhao 2006b)
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Fig. 3.10 The same as Fig. 3.9 but P- and S-wave tomography under Kyushu. The dashed lines
denote the Moho discontinuity. (Modified from Wang and Zhao 2006a)

3.1.2 Mantle Wedge and Arc Magmatism

One of the important findings of subduction-zone tomography is the detection of
low-V anomalies in the mantle wedge beneath the volcanic front and back-arc ar-
eas, which reflect the source zone of arc magmatism and volcanism (e.g., Figs. 3.2,
33,34,3.5,3.7,3.8,3.9,3.10, 3.11, 3.12 and 3.13). This seismological feature has
been found in all subduction zones which have been studied using seismic tomogra-
phy (e.g., Zhao et al. 1992, 1995, 2000; Hasegawa and Zhao 1994; Ma et al. 1996;
Nakajima et al. 2001; McNamara and Pasyanos 2002; Nakamura et al. 2003, 2008;
Wagner et al. 2005, 2010; Wang and Zhao 2005, 2006a, b; Katsumata et al. 2006;
Matsubara et al. 2008; Wiens et al. 2008; van Stiphout et al. 2009; Schmandt and
Humphreys 2010; Huang et al. 2011a; Bianchi et al. 2013; Liu et al. 2013a, b, and
many other references mentioned in this and the following sections). This seismic



66 3 Subduction Zone Tomography

Tonga Pacific
Fiji Spreading
Center Arc Plate

-
8

(uny) ypdaq

$d 88 28 8

-6% 6%

0%
P-wave velocity

Fig. 3.11 The same as Fig. 3.10 but an east-west vertical cross-section of P-wave velocity tomog-
raphy under the Tonga-Fiji region. (Modified from Zhao et al. 1997b)

feature is also consistent with the petrologic results (e.g., Tatsumi 1989; Peacock
1990; Iwamori and Zhao 2000; Hacker et al. 2003), indicating that arc magmatism
and volcanism are caused by the joint effects of fluids from slab dehydration and
corner flow in the mantle wedge.

Because of the thermal gradient in the upper mantle, convective circulation can
bring heat from the deeper part to the shallower part, and so increase the tempera-
ture in the mantle wedge. Fluids from the slab dehydration can reduce the melting
point of rocks. Hence, the two effects together lead to partial melting in the mantle
wedge beneath the volcanic front and the back-arc area, producing arc magmas
which are imaged as low-V and high Poisson’s ratio anomalies by seismic tomogra-
phy. The existence of mantle-wedge low-V zones is a general seismological feature
of subduction zones (Zhao et al. 1995; Zhao 2012), which have been revealed in all
the subduction regions imaged by seismic tomography.

Beneath the Tohoku arc, the low-V zones in the mantle wedge are continuous un-
der the back-arc area along the Japan Sea coast (Fig. 3.8a, b), whereas they become
intermittent under the volcanic front, and localized low-V anomalies are visible
beneath each group of active arc volcanoes (Fig. 3.8¢c, d). Low-frequency micro-
earthquakes are found to occur in or around the low-V zones in the lower crust and
uppermost mantle (Figs. 3.7 and 3.8), which are associated with magmatic activity
beneath the volcanic front and the back-arc area (e.g., Hasegawa and Yamamoto
1994; Nakamichi et al. 2003). Clear S-wave reflectors are also detected in the upper
and lower crust beneath the active volcanoes in NE Japan, which reflect sheets of
cracks containing melts or magmatic fluids (e.g., Matsumoto and Hasegawa 1996;
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Fig. 3.12 The same as Fig. 3.11 but four vertical cross-sections of P-wave velocity tomography
under the active Tengchong volcano in Eastern Tibet and SW China. The surface topography along
each profile is shown above each cross-section. (Modified from Wei et al. 2012)

Horiuchi et al. 1997). Magnetotelluric soundings have revealed high-conductivity
anomalies in the crust and upper mantle wedge under NE Japan (e.g., Ogawa et al.
2001; Toh et al. 2006; Mishina 2009), consistent with seismological results. The
spatial correlation between active volcanoes, low-V zones in the crust and mantle
wedge, and low-frequency microearthquakes is also found in SW Japan (e.g., Zhao
et al. 2004, 2011a; Liu et al. 2013b).

Based on geological and geophysical findings, including high-resolution tomog-
raphy (Zhao et al. 1992), Tamura et al. (2002) proposed a hot finger model to ex-
plain the along-arc variation in the volcanism in NE Japan. They suggested that the
quaternary volcanoes in Tohoku can be grouped into ten volcanic clusters along
the arc, which have an average width of 50 km, and are separated by parallel gaps
30-75 km wide. The clustering of volcanoes, topographic profiles, mantle-wedge
low-V zones, and local negative gravity anomalies are closely correlated. All these
features may be related to locally-developed hot fingers within the mantle wedge.
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Fig. 3.13 (a, b) East-west vertical cross-sections of P-wave tomography beneath South Taiwan
determined by Wang et al. (2006b). Locations of the cross-sections are shown in (¢). Red and blue
colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown below
(b). The red triangle and the thick lines on the top denote a volcano and the land area, respectively.
Earthquakes within a 30-km width of each profile are shown with white dots. (d) Schematic dia-
gram showing the major tectonic features in and around Taiwan (after Lallemand et al. 2001)

Each of the ten fingers extends from ~ 150 km depth under the back-arc towards the
uppermost mantle under the volcanic front. The arc volcanoes are built immediately
above the hot fingers. The volcanic basement along the fingers has been uplifted by
repeated injection of magmas into the crust, accompanied by quaternary volcanic
activity at the surface (Tamura et al. 2002).

It is still not clear whether mantle-wedge hot fingers exist in other subduction
zones or not. This is now an interesting and important research subject.

3.1.3 Fore-Arc Processes

Tomographic images of the fore-arc areas from the Japan Trench to the Pacific coast
shed new light on the generating mechanism of megathrust earthquakes, such as the
great 2011 Tohoku-oki earthquake (Mw 9.0) sequence (Zhao et al. 2011b; Huang
and Zhao 2013a, b; Liu et al. 2013a, 2014). Significant lateral velocity variations
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are revealed in the interplate megathrust zone, and most of the large megathrust
earthquakes (M >7.0) which occurred between 1900 and 2013 are situated in or
around high-V patches. These high-V zones may represent high-strength asperities
at the slab interface where the subducting Pacific plate and the overriding Okhotsk
plate are strongly coupled. A shallow high-V zone with large coseismic slip near
the Japan Trench may account for the asperity of the 2011 Tohoku-oki main shock
(Mw 9.0). Similar features are also found in the fore-arc area of the SW Japan arc
(Wang and Zhao 2006a; Liu et al. 2013b). These results indicate that the rupture
nucleation of megathrust earthquakes is controlled by structural heterogeneities in
the megathrust zone (Zhao et al. 2002, 2011b; Mishra et al. 2003; Wang and Zhao
2005, 2006a; Yamamoto et al. 2011; Collings et al. 2012; Fujie et al. 2013a; Huang
and Zhao 2013a, b; Moreno et al. 2014). For details on the mechanism of megath-
rust earthquakes, see Chap. 4.

Fujie et al. (2013b) conducted a seismic refraction and reflection survey in the
outer rise region of the Kuril trench and have revealed systematic changes in Vp, Vs
and Vp/Vs. Their results suggest that water content within the Pacific plate increas-
es toward the trench accompanied by the development of bending-related fractures
at the top of the oceanic crust, consistent with seawater percolation (e.g., Faccenda
et al. 2009). Moreover, their results suggest that plate bending and fracturing during
the bending in the outer rise of the trench play an important role in the water cycle
of subduction zones.

Significant low-V anomalies have been revealed in the fore-arc mantle wedge
beneath Kanto-Tokai and SW Japan (Figs. 3.9 and 3.10), which may reflect the sub-
ducting oceanic crust and fore-arc mantle serpentinization (Kamiya and Kobayashi
2000; Zhao et al. 2000, 2011a; Seno et al. 2001; Wang and Zhao 2006a, b; Xia et al.
2008). The significant low-V anomaly in the fore-arc mantle wedge, and even in
the upper part of the subducting slab, has also been found in many other subduction
zones, in particular, above the young and warm subducting slabs, which indicates
the presence of partially-hydrated mantle, most likely serpentinite, as a result of
slab dehydration associated with the transformation of metabasalt to eclogite (e.g.,
Graeber and Asch 1999; Husen et al. 2000; Zhao et al. 2001; Abers et al. 2003; Carl-
son and Miller 2003; Hacker et al. 2003; Hyndman and Peacock 2003; DeShon and
Schwartz 2004; Ramachandran et al. 2005; Rondenay et al. 2008; Syracuse et al.
2008; Tibi et al. 2008; Wada et al. 2008; Nikulin et al. 2009; Kodaira et al. 2010;
Obana et al. 2010; Worzewski et al. 2010; Van Avendonk et al. 2011; Collings et al.
2012; Ramachandran and Hyndman 2012; Laigle et al. 2013; Moreno et al. 2014).

Low-frequency microearthquakes are also found in the lower crust beneath the
SW Japan fore-arc and non-volcanic areas of the Japan Islands (e.g., Obara 2002;
Katsumata and Kamaya 2003; Seno and Yamasaki 2003; Wang et al. 2006a), as well
as other subduction zones (see the detailed review by Schwartz and Rokosky 2007;
Vidale et al. 2014). The low-frequency events are generally considered to be as-
sociated with the slab dehydration reactions. Zhao et al. (2011a) combined seismic
tomography and low-frequency events to study fluid and magmatic activity in SW
Japan. In the source areas of the 1995 Kobe earthquake (M 7.2) and the 2000 Tot-
tori earthquake (M 7.3), low-frequency events were detected, supporting the early
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suggestion that large crustal earthquakes can be triggered by crustal fluids derived
from slab dehydration (Zhao et al. 1996, 2004; Salah and Zhao 2003a; Tong et al.
2011, 2012).

Chou et al. (2009) determined the Vp and Vs tomography of the subducting
Philippine Sea slab and the fore-arc mantle beneath Northeast Taiwan and the west-
ernmost Ryukyu arc. The subducting Philippine Sea slab exhibits high Vp, high
Vs and intermediate to low Vp/Vs. At a depth of 30—80 km in the mantle wedge,
significant high Vp/Vs anomalies were revealed. They estimated that the slab is
cooled by 200-400 °C relative to the mantle. The serpentinization reaches ~15%
at a depth of 50 km in the fore-arc mantle, which is caused by water released from
the basalt-eclogite metamorphic reaction in the oceanic crust of the subducting slab
(Chou et al. 2009).

3.1.4 Back-Arc Spreading

Back-arc spreading is an important process in subduction zones, but it is still less
studied seismologically compared with arc and fore-arc processes, because there
are fewer seismic stations available in the marginal seas where back-arc spread-
ing takes place. Geophysical imaging of back-arc spreading centers is important
because the width and depth of the hot anomalies below spreading centers provide
information on the origin of back-arc spreading, the geochemical source of arc and
back-arc magmas, the interaction between the subducting slab and back-arc spread-
ing, whether the mantle upwelling beneath spreading centers is passive or active,
and to what depth the upwelling persists (e.g., Zhao et al. 1997b; Volti et al. 2006;
Matsuno et al. 2012; Arai and Dunn 2014). The Tonga-Fiji region is an optimal
region for clarifying these issues, because it is a subduction zone with an associ-
ated back-arc spreading center, and deep earthquakes occur actively beneath the
center, providing ideal conditions to image and understand the back-arc spreading
processes (Zhao et al. 1997b).

High-resolution tomographic images of the upper mantle beneath the Tonga arc
and the Lau back-arc are determined using a large number of arrival-time data re-
corded by land-based, and ocean-bottom-seismometer (OBS), stations (Zhao et al.
1997b; Conder and Wiens 2006). The subducting Tonga slab is clearly imaged as a
high-V zone which is about 100 km thick and has a P-wave velocity 4-6 % higher
than the normal mantle (Fig. 3.11). Low-V anomalies of up to 6% are revealed
beneath the Tonga arc and the Lau back-arc. The low-V zone beneath the Tonga
arc dips toward the back-arc side and is located 30-50 km above the Tonga slab,
extending from the surface to a depth of ~ 140 km. This feature is similar to the low-
V zones found in the mantle wedge of other subduction zones such as Japan and
Alaska (Zhao et al. 1992, 1995; Huang et al. 2011a; Tian and Zhao 2012). Beneath
a depth of 100 km, the amplitude of the low-V zone under the back-arc is reduced,
but a low-V anomaly (—2—4 %) is still visible down to a depth of at least 400 km.
The deep extension of the low-V zones in the mantle wedge has been confirmed
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by detailed resolution analyses (Zhao et al. 1997b; Conder and Wiens 2006), and
is consistent with the results of seismic attenuation tomography (Roth et al. 1999,
2000) and waveform modeling (Xu and Wiens 1997).

These seismological results suggest that the geodynamic system associated with
back-arc spreading is not limited to shallow areas, but is related to deep processes
(Zhao et al. 1997b). The low-V zones at a depth of 300—400 km in the mantle wedge
(Fig. 3.11) are caused by the joint effects of corner flows in the mantle wedge and
fluids from deep dehydration reactions in the subducting Tonga slab (e.g., Nolet
1995; Zhao et al. 1997b; Zhao and Ohtani 2009). The subduction rate of the Tonga
slab is very large (16-24 cm/year), and hence, the temperature in the slab is low
enough for water to reach the stability depths of dense hydrous magnesian silicate
phases (e.g., Parson and Wright 1996; Taylor et al. 1996; Ohtani et al. 2004; Zhao
and Ohtani 2009), which allows water penetration down to the mantle transition
zone.

The low-V zones under the Tonga arc and the Lau back-arc are separated at
depths <100 km, but they merge in deeper areas (Fig. 3.11). This feature suggests
that although the arc and back-arc magma systems are separated at shallow levels,
where most of the magma is produced, there may be some interchange between the
two magmatic systems at depths > 100 km. Interchange with the slab-derived fluids
in the deeper areas may explain some of the unique features of the petrology of
back-arc magmas relative to typical mid-ocean ridge basalts, including excess vola-
tiles and large ion lithophile enrichment (e.g., Faul et al. 1994; Zhao et al. 1997b;
Conder and Wiens 2006).

Similar low-V anomalies are also revealed in the deep part (400-500 km depths)
of the mantle wedge above the Pacific slab under SW Japan (Figs. 3.4 and 3.5) as
well as in the big mantle wedge under the active intraplate volcanoes in NE Asia
(Zhao et al. 2009, 2012; Huang and Zhao 2006; Duan et al. 2009; Wei et al. 2012;
Zhao and Tian 2013). These low-V zones may also reflect the existence of fluids
from the deep dehydration of the Pacific slab, because the deep upper mantle under
NE China exhibits a high electric conductivity (Ichiki et al. 2006). The subduc-
tion rate of the Pacific plate is also fast (7-10 cm/year) at the Japan Trench, and so
some hydrous minerals can be brought down to the mantle transition zone depth
where dehydration reactions take place to release fluids (Ohtani and Zhao 2009).
The frequent generation of large deep earthquakes in the Pacific slab under the NE
Asia continental margin may release more fluids preserved within the slab to the
overlying mantle wedge, causing additional magmas feeding the active Changbai
intraplate volcano (Zhao and Tian 2013).

3.1.5 Sub-Slab Structure

High-resolution teleseismic tomography revealed low-V anomalies in the mantle
below the Pacific slab under NE and central Japan (Figs. 3.3 and 3.4). Extensive
synthetic tests have been conducted, which have indicated that this is a reliable
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feature (Zhao et al. 2012). Being driven by the gravitational force, the subducting
Pacific slab continues to sink down to the boundary between the upper and lower
mantle—the 660-km discontinuity—where the sudden increase in viscosity will
not allow direct slab penetration into the lower mantle (e.g., Turcotte and Schubert
2001). Thus, the Pacific slab becomes stagnant in the mantle transition zone and
finally collapses down to the lower mantle as a result of a very large gravitational
instability from phase transitions (Maruyama 1994; Fukao et al. 2001; Zhao 2004;
Maruyama et al. 2007). This causes turbulence and thermal instability in the mantle
transition zone and the lower mantle, and mantle upwelling takes place as a conse-
quence of thermal instability at the thermal boundary layer (Albers and Christensen
1996). The low-V anomalies in the mantle below the Pacific slab may be a result of
hot upwelling flow associated with the collapsing of the Pacific slab materials down
to the lower mantle (Zhao 2001b, 2004; Abdelwahed and Zhao 2007; Zhao et al.
2012). Another possibility is that the low-V anomalies might be produced in the
Pacific superplume region and carried toward the Japan Islands by the horizontal
flow associated with the plate movement, and then dragged down by the subducting
Pacific slab (Honda et al. 2007).

The deep-subduction related hot mantle upwelling has been also revealed in
other regions. For example, recent geophysical and geochemical studies show that
a young mantle plume exists under the Hainan hotspot in South China, and that the
Hainan plume is caused by thermal instability associated with the Indian plate’s
deep subduction in the west and the Pacific and PHS slabs’ deep subduction in the
east down to the lower mantle (Zhao and Liu 2010; Wang et al. 2012).

As mentioned in the last section, low-V zones have also been revealed below the
PHS slab under SW Japan (Fig. 3.5), which reflect hot upwelling flows in the big
mantle wedge above the Pacific slab, associated with fluids from deep dehydration
of the Pacific slab. The hot upwelling from below may change the geometry of the
PHS slab, causing a slab window, and elevating the slab temperature, and hence, the
PHS slab becomes aseismic at a shallow depth (~100 km) under SW Japan (Zhao
et al. 2012; Huang et al. 2013).

3.1.6 Continental Plate Subductions

In most subduction zones, it is an oceanic plate that is subducting beneath a conti-
nental plate or a younger oceanic plate. Abundant arc magmas are produced in the
mantle wedge, resulting in a clear volcanic front consisting of many arc volcanoes,
probably because the oceanic plate contains an abundance of fluids before its sub-
duction.

A continental plate can also subduct into the mantle. A typical example is the
Indian lithosphere that is descending beneath the Eurasian plate, resulting in the
Tibetan Plateau. The subducting Indian plate is clearly imaged as a high-V zone
beneath western, central and eastern parts of Tibet by teleseismic tomography using
data recorded by portable seismic stations so far deployed along several profiles in
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the Tibetan Plateau (e.g., Zheng et al. 2007; He et al. 2010; Zhang et al. 2012, 2014;
Zhao et al. 2014). Low-V anomalies are revealed in the crust and mantle wedge
above the subducting Indian slab. In the Tibetan Plateau, there is no prominent
volcano, but geothermal anomalies exist there extensively (Liu 1999). Dehydration
reactions may also take place in the subducting Indian slab, but the released fluids
may not be as much as that of a subducting oceanic plate. In addition, the crust is
very thick in Tibet, hence melts in the upper mantle wedge may not reach the sur-
face easily, and so active volcanoes are not produced in the Tibetan Plateau. Other
body-wave and surface-wave tomography and receiver-function studies show simi-
lar results as the above-mentioned teleseismic tomography (e.g., Huang and Zhao
2006; Kumar et al. 2006; Chen et al. 2009; Nabelek et al. 2009; Fu et al. 2010; Wei
etal. 2012).

In the eastern part of the Tibetan Plateau, however, there is a prominent active
volcano, Tengchong, which is located at the boundary between China and Burma
(Fig. 3.12). Regional tomography shows a clear low-V zone down to a depth of
300 km under the volcano, and the subducting Indian plate (or Burma microplate)
is clearly imaged as a high-V zone under Tengchong, and intermediate-depth earth-
quakes occur down to a depth of 200 km within the high-V zone (Fig. 3.12; Huang
and Zhao 2006; Wei et al. 2012). Lei et al. (2009) determined a high-resolution
local tomography down to a depth of 650 km under the Tengchong volcano us-
ing local and teleseismic data recorded by a local seismic network in SW China.
They revealed a narrow low-V zone beneath the Tengchong volcano down to a
depth of 410 km, and the low-V zone extends toward the east in the depth range of
250-410 km. These local and regional tomographic results suggest that the origin of
the Tengchong volcanism is related to the deep subduction and dehydration of the
Burma microplate (or the Indian plate) (Zhao and Liu 2010).

Many researchers have investigated the 3-D seismic structure of the crust and
upper mantle under Taiwan using abundant data recorded by the dense local seismic
network (e.g., Rau and Wu 1995; Ma et al. 1996; Kim et al. 2005, 2014; Wang et al.
2006b, 2009; Lin et al. 2007; Chou et al. 2009; Kuo-Chen et al. 2012; Koulakov
et al. 2014). A high-V zone is imaged from the surface down to a depth of 300 km
under South Taiwan, which reflects the subducted Eurasian lithosphere (Fig. 3.13).
These tomographic studies suggest that the tectonic framework of Taiwan has
changed from subduction in the south to collision in the north, supporting a previ-
ous tectonic model proposed by Lallemand et al. (2001) (Fig. 3.13d). The subducted
Eurasian lithosphere is colliding with the subducting PHS slab, which may have
contributed to mountain building, active seismotectonics, and crustal deformation
in and around Taiwan. Significant low-V anomalies appear above the subducted
Eurasian lithosphere (Fig. 3.13a) and between the Eurasian lithosphere and the PHS
slab down to ~230 km depth (Fig. 3.13b). The low-V zones are overlain by a vol-
cano on the surface (Fig. 3.13b). At least part of the low-V anomalies are caused by
fluids from the dehydration of the PHS slab, as well as the subducted Eurasian plate.

These tomographic studies indicate that dehydration reactions also take place
after a continental plate subducts into the mantle, which can cause active intra-
plate volcanoes and geothermal anomalies in those continental areas (Zhao 2012).
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Several minerals in the subducting continental plate can transport water into the
mantle (Zhao and Ohtani 2009). The dehydration of hydrous minerals in the mafic
component of the continental lower crust, such as amphibole, chlorite, zoisite, law-
sonite and phengite, occurs in the upper mantle, whereas the hydrous minerals in
the acidic component of the continental upper crust, such as phengite, topaz-OH
and phase egg, dehydrate in the deep upper mantle and the mantle transition zone
(e.g., Ono 1998; Schmidt and Poli 1998; Ohtani et al. 2004). Dehydration of these
minerals can cause the low-V anomalies in the upper mantle above the subducting
continental plate (Zhao and Ohtani 2009).

3.2 Seismic Attenuation Tomography

It is very important to study the seismic attenuation (Q) structure because it can
provide information on the physical properties and composition of materials in the
crust and mantle (see Chap. 2 for details). In the earlier stages of seismic tomogra-
phy, up until the late 1990s, only a few 3-D attenuation (Q) models were determined
for subduction zones, most of which focused on the Japan Islands (e.g., Umino
and Hasegawa 1984; Furumura and Moriya 1990; Sekiguchi 1991). Since the end
of the 1990s, however, there have been rapid advances in Q tomography, and the
3-D Q structure of many subduction zones has been studied, including Tonga (Roth
et al. 1999, 2000), New Zealand (Eberhart-Phillips et al. 2008), Japan (Tsumura
et al. 2000; Salah and Zhao 2003b; Nakamura et al. 2006; Nakajima et al. 2013;
Liu et al. 2014), Alaska (Stachnik et al. 2004; Abers et al. 2006), Izu-Bonin (Shito
et al. 2009), Mariana (Pozgay et al. 2009), Taiwan (Wang et al. 2010; Ko et al.
2012; Cheng 2013), Central America (Rychert et al. 2008; Chen and Clayton 2012;
Dominguez and Davis 2013), South America (Myers et al. 1998; Haberland and
Rietbrock 2001), and Himalaya (Sheehan et al. 2014). According to these studies,
the subducting oceanic slabs generally show a very weak attenuation with Q values
of up to 1000-1500, whereas the mantle wedge and the crust beneath active arc
volcanoes show a very strong attenuation with Q values of 100 or smaller. As a
whole, the images of the low-Q zones in the crust and mantle wedge beneath active
arc volcanoes and the high-Q zones corresponding to the subducting slab are similar
to those of the low-V and high-V zones revealed by travel-time tomography in each
of the subduction zones. These 3-D attenuation models have provided additional
information on the physical properties of subduction zones, though most of the 3-D
Q models have a lower resolution than that of the 3-D velocity models in each of
the regions.

Recently, Liu et al. (2014) determined detailed P- and S-wave attenuation (Qp
and Qs) tomography of the entire Tohoku arc from the Japan Trench to the Ja-
pan Sea using a large number of data measured from P- and S-wave spectra of lo-
cal crustal and intermediate-depth earthquakes (Fig. 3.14). They used earthquakes
under the Pacific Ocean which were relocated precisely with sP depth phases by
Huang and Zhao (2013b); hence, Q tomography under the Tohoku fore-arc from
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Fig. 3.14 The same as Fig. 3.7 but S-wave attenuation (Q) tomography under NE Japan. The
surface topography along each profile is shown above each cross-section. The red stars denote the
2011 Tohoku-oki earthquake (Mw 9.0). (Modified from Liu et al. 2014)

the Japan Trench to the Pacific coast was also determined. Beneath the Tohoku land
area, the 3-D Q model of Liu et al. (2014) is very similar to those of Tsumura et al.
(2000) and Nakajima et al. (2013). The Qp and Qs models are very similar to each
other, both of which clearly show the high-Q subducting Pacific slab, a landward
dipping intermediate to high Q zone in the mantle wedge between the Pacific coast
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and the volcanic front, and significant low-Q anomalies in the crust and mantle
wedge between the volcanic front and the Japan Sea coast (Fig. 3.14).

Liu et al. (2014) also revealed prominent high-Q patches, surrounded by low-Q
anomalies, in the megathrust zone under the Tohoku fore-arc. The high-Q patches
in the megathrust zone generally exhibit large coseismic slips of megathrust earth-
quakes and a large slip deficit on the slab interface. Similar to the velocity tomog-
raphy (Zhao et al. 2011b; Huang and Zhao 2013Db), the high-Q patches represent
asperities in the megathrust zone, whereas the low-Q anomalies reflect weakly-cou-
pled areas. The hypocenters of the great 2011 Tohoku-oki megathrust earthquakes
(M >7.0) are located in areas where Qp, Qs and Qp/Qs change abruptly. This Q to-
mography result also indicates that structural heterogeneities in the megathrust zone
control the interplate seismic coupling and nucleation of megathrust earthquakes
(Liu et al. 2014).

A ~75 km wide columnar-shaped low-Q anomaly extending from the uppermost
mantle to ~100 km depth is revealed beneath the spreading center in the Mariana
back-arc (Fig. 3.15a), which reflects a narrow zone of dynamic upwelling and melt
production beneath the slow spreading ridge axis (Pozgay et al. 2009). A weaker
low-Q zone exists at depths of 50-100 km beneath the volcanic arc, and the low-
Q anomalies are connected at depths of 75—125 km. The subducting Pacific plate
shows high-Q at depths > 100 km, but exhibits low-Q at a depth of 50-100 km. The
fore-arc area exhibits low-Q near the volcanic arc and beneath the serpentinite sea-
mounts in the outer fore-arc. The arc and wedge low-Q anomalies may have a high
temperature due to hydration and/or melt, whereas the slab and fore-arc anomalies
contain slab-derived fluids and/or large-scale serpentinization (Pozgay et al. 2009).

As compared with the velocity tomography (Fig. 3.11), the Q tomography of the
Tonga subduction zone (Fig. 3.15b) has a much lower resolution, but low-Q anoma-
lies are revealed down to a depth of ~250 km beneath the Tonga arc and the Lau
back-arc spreading center, which is generally consistent with the velocity image.

Ko et al. (2012) has revealed high-Q anomalies in the mantle wedge beneath the
SW edge of the Ryukyu arc, suggesting the presence there of a cold and dynami-
cally sluggish edge environment due to a low temperature and probably low water
content. These features may result from the coupling of the slab laterally with the
thick Eurasian lithosphere, which inhibits back-arc rifting, retards subduction, and
reduces the water supply to the mantle wedge. The SW Ryukyu arc represents a
subduction-zone edge type distinct from more commonly documented free or warm
edges (Ko et al. 2012).

3.3 Seismic Anisotropy Tomography

Seismic anisotropy is a direction-dependent feature of seismic waves propagating
in the Earth’s interior (see Chap. 2 for details). Long (2013) has made a detailed
review of seismic anisotropy studies of subduction zones; in particular, studies
using shear-wave splitting measurements and receiver functions. So far, P-wave
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Fig. 3.15 Qp tomography of (a) the Mariana and (b) Tonga subduction zones. The Mariana result
was determined by Pozgay et al. (2009). The Tonga result is from Wiens et al. (2008) but plotted
with a new color scale as shown at the bottom. Black dots denote earthquakes which occurred
in the subducting slabs. Abbreviations are West Mariana Ridge (WMR), spreading center (SC),
volcanic front (VF), Big Blue Seamount (BB), Lau Ridge (LR), and Central Lau Spreading Center
(CLSC). (Modified from Pozgay et al. 2009)

anisotropy tomography has been applied to investigate the 3-D anisotropic structure
in a number of subduction zones, including New Zealand (Eberhart-Philips and
Henderson 2004; Eberhart-Philips and Reyners 2009), Northeast Japan (Ishise and
Oda 2005; Wang and Zhao 2008, 2010, 2013; Cheng et al. 2011; Huang et al. 2011a;
Tian and Liu 2013), Southwest Japan (Ishise and Oda 2008; Wang and Zhao 2012,
2013), South Kuril (Wang and Zhao 2009; Liu et al. 2013a); Java (Koulakov et al.
2009), Central America (Rabbel et al. 2011), Alaska (Tian and Zhao 2012), Eastern
Tibet (Wei et al. 2013), North China Craton above the stagnant Pacific slab (Wang
etal. 2013, 2014; Tian and Zhao 2013), and western USA (Huang and Zhao 2013c).

Recently, Wang and Zhao (2013) determined a high-resolution P-wave tomog-
raphy for the 3-D radial and azimuthal anisotropy of the Japan subduction zones
using a large number of arrival-time data of local shallow and deep earthquakes



78 3 Subduction Zone Tomography

138" 139" 140" 1417 142°1437138° 139" 140" 141" 142°143°138° 139" 140" 1417 142" 143’

41 41

40 40"
39° 39"
38 38
378 | 377
ar rosr : . 4"
< I Lol Lk w
- ._ v P o
38’ ’p . - s : 38"
37 N 2 1 37

Isotropic Velocity Perturbation (%) Azimuthal Anisotropy Amplitude (%)
[ ee————— ]

6 4 -2 0 2 4 6 —3

Fig. 3.16 Map views of P-wave anisotropy tomography under NE Japan (Wang and Zhao 2013).
Red and blue colors denote slow and fast isotropic velocities, respectively. The short lines denote
fast-velocity directions of azimuthal anisotropy. The scales for the isotropic velocity and anisotro-
pic amplitude are shown at the bottom. The red and black triangles denote active and quaternary
volcanoes, respectively. The red lines indicate the upper boundary of the Pacific slab.

recorded by the dense seismic network on the Japan Islands (Figs. 3.16, 3.17 and
3.18), which has improved the earlier results (Ishise and Oda 2005, 2008; Wang and
Zhao 2008, 2012). They revealed trench-normal fast-velocity directions (FVDs) in
the back-arc mantle wedge in both Tohoku and Kyushu (Fig. 3.16), which reflect
slab-driven corner flow in the wedge mantle. Trench-parallel FVDs are revealed in
the fore-arc mantle wedge under Tohoku and Kyushu, suggesting the existence of a
B-type olivine fabric there. Trench-parallel FVDs also appear in the mantle wedge
under the volcanic front in Tohoku, but not in Kyushu, suggesting that 3-D flow
may exist in the mantle wedge under Tohoku caused by the large subduction rate of
the Pacific plate (7-10 cm/year). This FVD pattern of trench-normal in the back-arc
and trench-parallel in the fore-arc is very consistent with shear-wave splitting mea-
surements in Tohoku (Okada et al. 1995; Nakajima et al. 2006; Huang et al. 2011b,
¢) and in Kyushu (e.g., Salah et al. 2008; Terada et al. 2013).

Wang and Zhao (2013) also found negative radial anisotropy (i.e., vertical velocity
>horizontal velocity) in the low-V zones in the mantle wedge under the arc volcanoes
in Tohoku and Kyushu, as well as in the low-V zones below the Philippine Sea slab
under Kyushu (Figs. 3.17 and 3.18), which may reflect hot upwelling flows and tran-
sitions of olivine fabrics with the presence of water in the mantle wedge above the
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Fig. 3.17 Vertical cross-sections of P-wave radial anisotropy tomography under Tohoku along the
profiles as shown on the inset map (Wang and Zhao 2013). The red and blue colors denote low and
high isotropic-velocity anomalies, respectively. The horizontal bars denote that horizontal veloc-
ity > vertical velocity at each grid node, whereas the vertical bars denote that vertical velocity >
horizontal velocity at each grid node. The bar length denotes the radial anisotropy amplitude; its
scale is shown at the bottom. The red and blue triangles denote the active and quaternary volca-
noes, respectively. The white dots denote the seismicity that occurred within a 10-km width along
each profile

Pacific slab, due to the deep dehydration of the Pacific slab (Zhao et al. 2012). Trench-
parallel FVDs and positive radial anisotropy (i.e., horizontal velocity >vertical veloc-
ity) are revealed in the subducting Pacific slab under Tohoku and the Philippine Sea
slab under Kyushu, which may indicate that the two oceanic slabs keep their frozen-in
anisotropy formed at the mid-ocean ridge, or that the slab anisotropy is induced by lat-
tice-preferred orientation (LPO) of the B-type olivine (Wang and Zhao 2012, 2013).
Tian and Zhao (2012) determined the Vp and Vs tomography and the 3-D P-
wave azimuthal anisotropy of the Alaska subduction zone using the arrival-times
of local shallow and intermediate-depth earthquakes recorded by the dense seismic
network deployed in South-Central Alaska (Fig. 3.19). They revealed high-V Pacif-
ic slab and low-V anomalies in the mantle wedge with significant along-arc varia-
tions beneath the active arc volcanoes, which are consistent with previous isotropic
Vp tomography under the region (Kissing and Lahr 1991; Zhao et al. 1995; Qi
etal. 2007). Significant P-wave anisotropy is revealed, and the predominant FVD is
trench-parallel in the shallow part of the mantle wedge (<90 km depth) and in the
subslab mantle, whereas the FVD is trench-normal within the subducting Pacific
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Fig. 3.18 The same as Fig. 3.17 but for P-wave radial anisotropy tomography under SW Japan
(Wang and Zhao 2013)

slab (Fig. 3.19). This FVD pattern is consistent with the shear-wave splitting mea-
surements (Christensen and Abers 2010). The trench-parallel FVDs in the mantle
wedge and subslab mantle reflect the 3-D mantle flow induced by the complex
geometry and strong curvature of the Pacific slab, as well as its flat and oblique sub-
duction under Alaska. The trench-normal FVD within the Pacific slab may reflect
the original fossil anisotropy when the Pacific plate was produced at the mid-ocean
ridge (Tian and Zhao 2012).

Applying the method of Koulakov et al. (2009) to local earthquake arrival-time
data, Rabbel et al. (2011) obtained a 3-D P-wave anisotropy tomography of the Cen-
tral America subduction zone (Fig. 3.20). In the upper crust beneath Costa Rica, the
anisotropy shows strong lateral variations corresponding to the complicated tecton-
ic structure. In the upper mantle, the anisotropy exhibits a more coherent FVD that
varies systematically at regional scales. The upper mantle of the incoming Cocos
plate exhibits a trench-normal FVD, which may reflect mineral LPO in the transport
direction. This pattern changes in the uppermost part of the subduction zone, which
may be affected by bending-related trench-parallel faults and serpentinization that
can overprint or change the LPO. The overriding Caribbean plate and the mantle
wedge show a clear trench-parallel FVD. The anisotropy is stronger in Nicaragua
than in southern central Costa Rica, which may be caused by a change in the stress
regime from compressional in southern Costa Rica to transpressional in Nicara-
gua, corresponding to a change from a near-orthogonal subduction in the SE to an



3.3 Seismic Anisotropy Tomography 81

“,[:—!M' -152" 148 '“f_

/

Isotropic Velocity Anisotropic Amplitude

Fig. 3.19 Map views of P-wave anisotropy tomography of the Alaska subduction zone (Tian and
Zhao 2012). Red and blue colors denote slow and fast isotropic velocities, respectively. The short
lines denote fast-velocity directions of azimuthal anisotropy. The scales for the isotropic velocity
and anisotropic amplitude are shown at the bottom. The black triangles denote active arc volca-
noes. The blue sawtooth lines denote the trench. The dashed lines indicate the upper boundary
of the Pacific slab. The grey dots show the earthquakes occurring in the subducting Pacific slab

oblique subduction and slab retreat in the NW. The obtained P-wave anisotropy in
the mantle wedge reflects LPO associated with a trench-parallel shear deformation
and/or NW oriented escape flow produced in the compressional zone near the Co-
cos Ridge collision area (Rabbel et al. 2011).

Applying a surface-wave tomography method to Rayleigh and Love waves re-
corded by land and seafloor broadband seismometers, Isse et al. (2010) studied
isotropic and anisotropic Vs structures in the northern Philippine Sea region. They
found that the FVDs of azimuthal anisotropy are parallel to the directions of ancient
seafloor spreading in the lithosphere of the Shikoku and West Philippine Basins
and the Pacific Ocean, whereas they are parallel to the direction of the present-day
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Fig. 3.20 Map views of the P-wave anisotropic tomography of the Central America subduction
zone. Red and blue colors indicate low and high isotropic velocity perturbations with their scale
shown at the bottom. Bars show the directions of maximum horizontal velocities. The lengths
of the bars show the amplitude of the velocity anisotropy with its scale shown at the lower-right
corner. The sawtooth line denotes the trench axis. (After Rabbel et al. 2011)

absolute plate motion (APM) in the asthenosphere of the Shikoku Basin, and
oblique to the APM direction in the Pacific Ocean and in the northern part of the
West Philippine Basin. In the subduction zones around the Philippine Sea plate, the
FVDs are trench-parallel in the Ryukyu arc, and oriented NW-SE in the Izu—Oga-
sawara island arc. The Philippine Sea plate shows very large lateral variations in
azimuthal and radial anisotropies, compared with the Pacific plate (Isse et al. 2010).
In a similar study, Stubailo et al. (2012) determined a 3-D model of S-wave velocity
and anisotropy for the Mexico subduction zone using Rayleigh wave phase-velocity
dispersion measurements.

McCormack et al. (2013) used receiver functions to study the anisotropic struc-
ture of the mantle wedge beneath the entire Ryukyu arc. They detected coherent
P-to-SV conversions originating at the top of the subducting slab, and multiple
anisotropic layers having a structure which varied significantly along the arc. In the
center of the Ryukyu arc there is a ~6 km thick layer with strong anisotropy, most
likely serpentinite, directly above the subducting slab. A B-type olivine fabric may
exist in the shallow mantle wedge there.
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Vavrycuk (2006) has shown differences in P-wave anisotropy between the north-
ern and southern segments of the Tonga slab in the mantle transition zone, which
may reflect the difference in the crystallographic preferred orientation pattern of
Akimotoite at varying temperatures within the Tonga slab (Zhang et al. 2005; Shi-
raishi et al. 2008).

Zhang et al. (2007) proposed a 3-D shear-wave splitting tomography method to
image the spatial anisotropy distribution by back-projecting shear-wave splitting
delay times along ray paths derived from a 3-D Vs model, assuming the delay times
are accumulated along the ray paths. Abt and Fischer (2008) presented another
method of shear-wave splitting tomography by parameterizing the upper mantle
as a 3-D block model of crystallographic orientations with the elastic properties of
olivine and orthopyroxene, and both orthorhombic and hexagonal symmetries are
tested. The effectiveness of these methods now needs to be confirmed by successful
applications in different regions.

3.4 Summary

Recent seismic tomography studies of subduction zones are reviewed. So far seis-
mic velocity tomography has been determined for most subduction zones, and the
seismic attenuation and anisotropy tomography of many subduction zones has also
been investigated in recent years, which has provided important new insights into
arc magmatism, seismotectonics and subduction dynamics. Several common seis-
mological features are revealed in subduction zones, which are summarized as fol-
lows.

The subducting slabs are generally imaged clearly as high-V and high-Q zones
where intermediate-depth and deep earthquakes take place. Analyses of reflected
and converted waves have revealed the fine structure of the upper boundary of the
slabs, including the subducted oceanic crust which is imaged as a low-V layer atop
the slab. However, detailed structural variations within the slab and their relation-
ship to intraslab earthquakes are still not very clear, and this remains to be an im-
portant research subject.

Prominent low-V and low-Q anomalies are revealed in the crust and uppermost
mantle beneath active arc and back-arc volcanoes, and the anomalies are visible in
the central part of the mantle wedge, subparallel with the subducting slab, suggest-
ing that the low-V and low-Q anomalies reflect the source zone of arc magmatism
and volcanism caused by a combination of corner flow in the mantle wedge and
fluids from slab dehydration. The corner flow can bring heat from the deeper part
of the upper mantle, making the mantle wedge hotter, whereas fluids can reduce the
melting temperature of mantle materials. The mantle wedge low-V zones exhibit
along-arc variations under NE Japan, which is explained by a hot-finger model. It is
still not clear whether such hot fingers exist in the mantle wedge in other subduction
zones, which is an interesting subject for future studies.
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The fore-arc region exhibits a lower heat flow, and no volcano exists there.
Hence, the temperature under the fore-arc is lower than that under the volcanic front
and back-arc areas, and partial melting may not occur in the fore-arc. However, a
moderate to lower velocity is revealed in the crust and mantle wedge under the
fore-arc, and in particular, above young and warm subducting slabs. Slab dehydra-
tion may take place in the fore-arc area, which may release a large amount of fluids,
causing fore-arc mantle serpentinization. The fluids and serpentine can affect the
seismogenesis in the fore-arc, including megathrust earthquakes, intraslab events,
and those in the overlying plate.

Seismic velocity variations are also revealed in the mantle below the subducting
slabs, which may reflect small-scale convecting flows associated with the collaps-
ing of slab materials down to the lower mantle, or an upwelling flow under an oce-
anic lithosphere or a subducting slab being dragged down by the slab.

Dehydration reactions also take place after a continental plate subducts into the
mantle, which causes low-V anomalies in the mantle wedge, as well as active vol-
canoes and geothermal anomalies in those continental areas. However, the low-V
zones are less prominent than those above the oceanic slabs, and fewer active vol-
canoes exist above the continental slabs, probably because the continental plate
carries much less water than the oceanic lithosphere does.

Shear-wave splitting measurements, surface-wave and receiver-function imag-
ing, and P-wave anisotropy tomography show that seismic anisotropy exists in all
parts of subduction zones. These studies have provided important constraints on the
mantle flows and dynamics in subduction zones. P-wave anisotropy tomography
has become a powerful tool for mapping 3-D variations of azimuthal and radial
seismic anisotropy in subduction zones.
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Chapter 4
Large Earthquakes and Seismotectonics

Abstract We review seismic tomography studies of source areas of large crustal
earthquakes, megathrust earthquakes, intraslab earthquakes, and deep earthquakes
to understand the seismogenesis and seismotectonics. It is found that structural het-
erogeneities in the crust and upper mantle strongly affect or control the generation
of large and small earthquakes in various tectonic settings. In particular, fluids and
magmas play an important role in the nucleation of large earthquakes. Fault, Force
(stress) and Fluid (3F) are three key elements in earthquake generation. These stud-
ies indicate that seismic tomography is an important and effective tool for studying
earthquakes and seismotectonics.

Keywords Crustal earthquakes - Seismotectonics - Megathrust zone + Subducting
slab - Intraslab earthquakes

Earthquakes are a characteristic feature of the planet Earth because it has plate
tectonics. A majority of earthquakes take place in the plate boundary regions, i.e.,
mid-ocean ridges, transform faults, and subduction and collision zones. Shallow
earthquakes (<60 km depth) occur in broad regions on Earth, whereas intermedi-
ate-depth (60-300 km) and deep earthquakes (300-680 km depth) occur only in
the subducting oceanic or continental lithosphere (slabs). Subduction-zone earth-
quakes can be classified into three types: crustal earthquakes in the overlying plate,
megathrust earthquakes in the interplate boundary zone between the overlying and
subducting plates, and intraslab earthquakes within the subducting slab which oc-
cur over a wide depth range (0—680 km), including outer-rise earthquakes near the
oceanic trench and very deep earthquakes.

Reid (1910) investigated the mechanism of the 1906 San Francisco earthquake
(M 7.8) and developed the elastic rebound theory. Since this pioneering work, seis-
mologists have reached a consensus that earthquakes are generated by the (sudden)
rupture of active faults in the lithosphere or the subducting slabs. So far, seismic
waveforms have been used successfully to estimate the physical parameters and
rupture processes of large and small earthquakes (see a recent review by Beroza
and Kanamori 2007). Since the late 1970s, seismic tomography has been applied
successfully to various tectonic environments on Earth (see recent reviews by
Zhao 2009, 2012), however, this method is still not very successful for studying

© Springer Japan 2015 97
D. Zhao, Multiscale Seismic Tomography, Springer Geophysics,
DOI 10.1007/978-4-431-55360-1_4



98 4 Large Earthquakes and Seismotectonics

earthquake sources and active faults, due to the following reasons. At present, even
local-scale tomography has a spatial resolution of ten to tens of kilometers in most
cases. Even the best resolution of local tomography is of the order of a few kilo-
meters (e.g., Zhao et al. 1996; Zhao and Negishi 1998; Tong et al. 2011), which is
much greater than the width of an active fault zone (~1-100 m). Thus, current seis-
mic tomography can hardly image reliably any earthquake-related structural het-
erogeneity in a fault zone, such as asperities (Beroza and Kanamori 2007). Seismic
tomography is good at detecting three-dimensional (3-D) voluminous variations in
the physical properties of the crust and mantle, but not suitable for imaging two-
dimensional (2-D) heterogeneity on a plane such as a fault zone (Zhao 2001).

Nevertheless, to date, seismic tomography has been applied with some success
in studying the cause of large earthquakes. One crucial condition of successful to-
mographic studies is that a dense network of permanent or portable seismic stations
must be available in or around the target earthquake area so that high-resolution
tomographic images can be obtained to detect structural heterogeneities that may
be related to the generation of large earthquakes. In practical studies, however, such
a crucial condition can hardly be satisfied except for a few well-instrumented re-
gions such as the Japan Islands, California, and the Beijing area, though large earth-
quakes occur frequently in various regions of the world. Compared with studies of
other tectonic environments, such as subduction and collision zones, tomographic
studies of earthquake source zones started relatively late, around the early 1990s
(e.g., Lees 1990; Michael and Eberhart-Phillips 1991; Zhao and Kanamori 1993).
Since then, however, and in particular during the past decade, there has been rapid
progress in studying the detailed 3-D crustal structure of large earthquake areas,
thanks to the advances in seismic instrumentation technology and the deployment
of portable and/or permanent seismic arrays in many seismically active regions.
Many high-resolution tomographic images of earthquake source zones have been
accumulated, which provide important new insights into the seismotectonics and
dynamic processes of not only large crustal earthquakes but also megathrust and
intraslab earthquakes.

4.1 Large Crustal Earthquakes

4.1.1 Japan

In 1990, short-period local seismic networks operated by eight Japanese national
universities in separate areas of Japan were merged with the nationwide JMA (Japan
Meteorological Agency) network to monitor the seismic activity in and around the
Japan Islands. In 2000, the high-sensitivity seismic network (Hi-net), consisting of
over 600 high-quality short-period stations covering the entire Japan islands, was
built by the National Research Institute for Earth Science and Disaster Prevention.
All the JMA, university and Hi-net seismic stations have been combined together,
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Fig. 4.1 Vertical cross-sections of a P-wave velocity, b S-wave velocity, and ¢ Poisson’s ratio,
images along the profile AB as shown in d. Red color denotes low velocity and high Poisson’s
ratio; blue color denotes high velocity and low Poisson’s ratio. The color scale is shown at the
bottom. The average value of Poisson’s ratio is 0.25. The star symbol and crosses denote the main-
shock and aftershocks of the 1995 Kobe earthquake (M 7.2). The vertical exaggeration in (a—c) is
2:1. Circles and crosses in d denote the local crustal earthquakes during 1990-1994 and those after
17 January 1995, respectively. (Modified from Zhao et al. 1996)

forming the Japan Unified Seismic Network which covers the Japan Islands densely
and uniformly (Okada et al. 2004). Since 1995, seven damaging crustal earthquakes
with magnitudes (M)>6.8 have occurred in the Japanese land areas which are cov-
ered by the dense permanent seismic network, as well as portable seismic stations
installed soon after every mainshock. Hence, detailed tomographic images in those
source areas have been determined with a high resolution, which shed new light
on the relationship between structural heterogeneity and earthquake nucleation in
Japan.

The Kobe earthquake (M 7.3), which occurred on 17 January 1995 in SW Japan
(Fig. 4.1), was one of the most damaging earthquakes in Japan, killing over 6400
people. Soon after the occurrence of the Kobe mainshock, many portable seismic
stations were deployed in the epicenter area to record its aftershocks (Hirata et al.
1996). These portable stations and the permanent network stations formed a dense
seismic array covering the Kobe source area, resulting in accurate hypocenter loca-
tions of the aftershocks (Fig. 4.1). A large number of arrival-time data from the well-
located aftershocks and other local earthquakes in the Kobe area were used to deter-
mine high-resolution (4-5 km), 3-D P- and S-wave velocity (Vp, Vs) and Poisson’s
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ratio (PR) images in the Kobe aftershock area (Zhao et al. 1996). A prominent low-
velocity (low-V) and high-PR anomaly was detected at depths of 16-21 km directly
beneath the Kobe mainshock hypocenter (under the Akashi strait and Osaka Bay)
(Fig. 4.1a—c). The anomaly has a lateral extent of ~ 15 km. Because there is no ac-
tive volcano in the Kobe area and the surface heat flow is not very high there, the
anomaly in the Kobe hypocenter was interpreted as a fluid-filled, fractured rock
matrix that triggered the 1995 Kobe earthquake (Zhao et al. 1996; Zhao and Negishi
1998). Later tomographic studies indicated that the fluids in the Kobe source zone
originated from the dehydration of the subducting Philippine Sea (PHS) slab under
SW Japan (Zhao et al. 2000, 2002; Salah and Zhao 2003; Ikeda et al. 2006; Gupta
etal. 2009). Zhao and Mizuno (1999) estimated the distribution of crack density and
saturation rate in the Kobe source area by applying a crack theory (O’Connell and
Budiansky 1974) to the values of Vp, Vs and PR determined by seismic tomogra-
phy. They suggested that seawater in Osaka Bay may have permeated down to the
deep crust through the active faults that may have been ruptured many times during
every earthquake cycle in the past 2 million years after the formation of Osaka Bay
and the active faults there. Tong et al. (2011) used a better data set recorded by the
Hi-net and adopted both finite-frequency and ray tomography methods to study the
detailed 3-D crustal structure of the Kobe area. Their new results have confirmed
the earlier findings of Zhao et al. (1996).

Detailed Vp, Vs and PR images were also determined for the source area of the
Western-Tottori earthquake (M 7.3) that occurred on 6 October 2000 in Western
Japan (Zhao et al. 2004). The mainshock epicenter is located close to the Daisen
volcano, and its hypocenter is located at a depth of 12 km where the tomographic
images change drastically (Fig. 4.2). The upper crust exhibits high Vp, slightly low
Vs and high PR, indicating a brittle seismogenic layer probably containing fluids.
The lower crust beneath the mainshock hypocenter exhibits low Vp and low Vs,
which may reflect the presence of high-temperature materials, possibly containing
magma, under Daisen that is a potentially active volcano (Zhao et al. 2011a). Later,
Shibutani and Katao (2005) used a better data set recorded by portable seismic sta-
tions and also found significant velocity variations in the Tottori source area. Low-
frequency (LF) microearthquakes were detected at ~30 km depth in this area (Ohmi
and Obara 2002). Five LF events occurred within the 3 years before the Tottori
mainshock, and more than 60 LF events occurred during 13 months following the
mainshock. Waveform analyses show that a single-force source mechanism is pref-
erable to a double-couple mechanism for those LF events (Ohmi and Obara 2002).
These results suggest that the LF events were caused by the transport of fluids,
such as water or magma. A detailed magnetotelluric imaging detected an anomaly
of high electric-conductivity down to a depth of 30 km beneath the western Tottori
area, suggesting the existence of fluids in the lower crust (Oshiman 2002). Joint
inversions of local and teleseismic data imaged the subducting PHS slab under the
Tottori area and offshore under the Japan Sea (Zhao et al. 2004, 2012a; Huang et al.
2013). The PHS slab is located at a depth of ~55 km under the Daisen volcano, and
a significant low-V zone has been imaged above the slab and beneath the Daisen
volcano. The low-V zone may reflect a magma chamber under the Daisen volcano
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Fig. 4.2 Vertical cross-sections of a P-wave velocity, b S-wave velocity, and ¢ Poisson’s ratio,
images along the profile AB as shown in d. Red color denotes low velocity and high Poisson’s
ratio; blue color denotes high velocity and low Poisson’s ratio. The scales for velocity and Pois-
son’s ratio are shown below b and ¢, respectively. The average value of Poisson’s ratio is 0.25.
The star symbol and white dots denote the mainshock and aftershocks of the 2000 Western Tottori
earthquake (M 7.3). The red triangles and yellow star in d show quaternary volcanoes and the
Western Tottori earthquake epicenter, respectively. (Modified from Zhao et al. 2004)

associated with the dehydration process of the PHS slab. All these results indicate
the existence of arc magma and fluids in the Tottori area and their influence on the
generation of the 2000 Western-Tottori earthquake.

The west off-Fukuoka earthquake (M 7.0) took place on 20 March 2005 in the
northwestern portion of Kyushu. Most of its aftershocks were located in a NW-SE
trending fault offshore under the Tsushima Strait, outside the seismic network in
Kyushu. Wang and Zhao (2006a) collected arrival-time data of the sP depth-phase,
as well as the first P- and S-waves, to relocate the Fukuoka aftershocks, and then
obtained tomographic images in the source area of the Fukuoka earthquake. They
found that the Vp and Vs images exhibit similar features in the source area. The
mainshock hypocenter is located in a high-V zone, whereas low-V and high-PR
zones are revealed in the lower crust under the mainshock hypocenter, similar to the
features in the Kobe and Western-Tottori earthquake areas. Hence, it is considered
that crustal fluids existed in the Fukuoka earthquake area and affected its nucle-
ation, and that the fluids may be related to a diapiric mantle upwelling off western
Kyushu due to the opening of the Okinawa Trough above the subducting PHS slab
(Wang and Zhao 2006a).

On 23 October 2004 and 16 July 2007, two crustal earthquakes (M 6.8) took
place in the Niigata Prefecture of NE Japan, which caused significant local dam-
age. Detailed tomographic images were determined in the source area of the Ni-
igata earthquakes (e.g., Kato et al., 2005; Wang and Zhao, 2006b; Xia et al., 2008).
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Similar to the above-mentioned Kobe, Tottori and Fukuoka earthquakes, significant
low-V and high-PR anomalies were detected in the Niigata source areas, and the
anomalies in the crust are connected with a low-V zone in the upper mantle wedge
above the subducting Pacific slab. Therefore, arc magma and fluids resulting from
the Pacific slab dehydration may have played an important role in the nucleation
of the two Niigata earthquakes (Wang and Zhao 2006b; Xia et al. 2008; Zhao et al.
2011b).

On 25 March 2007, a damaging crustal earthquake (M 6.9) occurred in the Noto
Peninsula in the eastern margin of the Japan Sea. Detailed crustal tomography re-
vealed prominent low-V and high-PR anomalies in the Noto earthquake area, indi-
cating that back-arc magma and fluids resulting from the Pacific slab dehydration
and corner flow in the mantle wedge contributed to the nucleation of the 2007 Noto
earthquake (Padhy et al. 2011; Zhao et al. 2010, 2011b), very similar to the genera-
tion of the Niigata earthquakes.

On 14 June 2008, a damaging crustal earthquake (M 7.2) hit the Iwate-Miyagi
area in central Tohoku (Fig. 4.3). Its epicenter was located about 10 km east of the
volcanic front and very close to the active Kurikoma volcano. Detailed 3-D Vp, Vs
and PR images were obtained for the Iwate-Miyagi source area (Okada et al. 2010;
Cheng et al. 2011) (Fig. 4.3). Its mainshock and three large aftershocks occurred in
a boundary zone where Vp, Vs and PR all change drastically. A pronounced low-V
and high-PR anomaly was revealed in the lower crust and the uppermost mantle
under the Kurikoma volcano and the source zone, reflecting arc magma and fluids
ascending from the upper-mantle wedge above the Pacific slab, which contributed
to the nucleation of the 2008 Iwate-Miyagi earthquake. Wei and Zhao (2013) used
irregular-grid tomography to determine detailed 3-D Vp and Vs images in the crust
and upper mantle beneath the Iwate-Miyagi earthquake area, and their results are
very similar to those of Cheng et al. (2011).

The 11 April 2011 Iwaki earthquake (M 7.0) was one of the major aftershocks
of the 11 March 2011 Tohoku-oki earthquake (Mw 9.0) and the strongest one hit
the Japan land area (Fig. 4.4). The Iwaki earthquake occurred at a depth of 6.4 km
and was located ~200 km southwest of the Tohoku-oki mainshock. It was caused
by normal faulting with some strike-slip component along the Idosawa fault. This
normal-faulting earthquake is in contrast to the compressional stress regime in NE
Japan and may reflect an enhanced extensional stress on the overriding block in-
duced by the Tohoku-oki mainshock (Yoshida et al. 2012). The disabled Fukushima
nuclear power plant (FNPP), which suffered major damage from the Tohoku-oki
earthquake and the subsequent tsunami, is located ~60 km northeast of the Iwaki
earthquake epicenter (Fig. 4.4). Tong et al. (2012) determined high-resolution to-
mographic images of the crust and upper mantle beneath the Iwaki earthquake and
the FNPP area. They found that the Iwaki earthquake and its aftershocks mainly
occurred in a boundary zone with strong variations in seismic velocity and Pois-
son’s ratio. Prominent low-V and high-PR anomalies were revealed under the Iwaki
source area and the FNPP, which may reflect fluids released from the dehydration
of the subducting Pacific slab. These results suggest that the 2011 Iwaki earthquake
was triggered by the ascending fluids from the Pacific slab dehydration and the
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Fig. 4.3 Vertical cross-sections of a P-wave velocity, b S-wave velocity, and ¢ Poisson’s ratio,
images along the profile A-A’ as shown in d. Red denotes low velocity and high Poisson’s ratio;
blue denotes high velocity and low Poisson’s ratio. The color scale is shown at the bottom. The
black triangles denote active arc volcanoes. Small black dots show earthquakes which occurred
within a 10-km width along the profile A-A’. The thin lines show the Conrad discontinuity. The red
stars denote the mainshock and large aftershocks of the 2008 Iwate-Miyagi earthquake (M 7.2).
(Modified from Cheng et al. 2011)

change of the stress regime induced by the Tohoku-oki megathrust earthquake (Mw
9.0). Similar structures were revealed under the Iwaki source area and the Futa-
ba fault adjacent to the FNPP (Fig. 4.4), suggesting that the security of the FNPP
site should be strengthened to withstand potential large earthquakes in the future
(Tong et al. 2012). Using aftershock arrival-time data recorded by portable seismic
stations deployed in the Iwaki area, Kato et al. (2013) also determined a detailed
crustal tomography of the 2011 Iwaki source zone, and suggested that the brittle
crust underwent structural failure due to the infiltration of crustal fluids into the
seismogenic layer from the upper-mantle wedge, leading to the Iwaki earthquake.
Zhao et al. (2010) compared tomographic images with the distribution of 164
crustal earthquakes (M 5.7-8.0) which occurred under the Japan Islands between
1885 and 2008. They computed P-velocity perturbations (dV/V) in the crust and the
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Fig. 4.4 Vertical cross-sections of (a, b) P-wave and (¢, d) S-wave velocity images along the pro-
files AB (a, ¢) and CD (b, d) as shown in (e). Red and blue colors denote low and high velocities,
respectively. The velocity perturbation (in %) scale is shown at the bottom. Red triangles denote
the active arc volcanoes. Small white dots show earthquakes which occurred within a 20-km width
along each profile. The dashed lines denote the Conrad and the Moho discontinuities and the upper
boundary of the subducting Pacific slab. The purple stars denote the hypocenter of the 2011 Iwaki
earthquake (M 7.0). The purple square denotes the location of the Fukushima Nuclear Power Plant
(FNPP). The arrow above a shows the location of the Idosawa fault and the Iwaki epicenter. The
arrow above b shows the location of the Futaba fault. (Modified from Tong et al. 2012)

uppermost mantle at the hypocenters of the 164 large earthquakes and found that for
71 % of these events, —3 % < dV/V <0 %, and 12 % of them having dV/V < -3 %.
For the remaining 17 % of the events, 0< dV/V < 1.5 %. This result indicates that the
large crustal earthquakes in Japan generally take place at the edge portions of low-V
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Fig. 4.5 Schematic illustration of across-arc vertical cross-section of the crust and upper mantle
under the Japan subduction zone. The generation of large crustal earthquakes is affected by the
tectonic background and structural heterogeneities, and in particular, arc magma and fluids (see
text for details). (After Zhao et al. 2015)

anomalies, or along the boundary between the low-V and high-V zones. Only some
smaller events (M 5.7-5.8) are located within the low-V zones. A few earthquakes
have occurred in high-V areas, but they are generally <M 6.0 (Zhao et al. 2010).
The relationship between the crustal seismogenesis and structural heterogeneity
in Japan has been investigated by several authors (e.g., Hasegawa and Zhao 1994;
Zhao et al. 2000, 2002, 2010; Hasegawa et al. 2005). Two geodynamic processes
are considered to be the most important in a subduction zone (Fig. 4.5). One is
corner flow, i.e., convection, in the mantle wedge that can carry heat to the mantle
wedge from the deeper mantle because of the temperature gradient in the mantle,
and thus the mantle wedge becomes hotter beneath the volcanic front and back-arc
area. The other is dehydration reactions of the subducting slab. In the forearc area,
magma cannot be produced because the temperature there is lower, and fluids from
the slab dehydration may migrate directly up to the crust. When the fluids enter
an active fault in the crust, pore pressure will increase and fault zone friction will
decrease, which can trigger large crustal earthquakes such as the 1995 Kobe and the
2011 Iwaki earthquakes. Under the volcanic front and the back-arc areas, arc mag-
mas are produced because of the hotter mantle wedge and fluids from the slab de-
hydration. Once magmas ascend up to the surface, arc and back-arc volcanoes can
be produced, resulting in strong lateral heterogeneities in the crust and the upper-
most mantle. Thus, the seismogenic upper crust becomes weaker and hence, apt to
generate large crustal earthquakes, such as the 2000 Western-Tottori, the 2004 and
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2007 Niigata, the 2005 west off Fukuoka, and the 2008 Iwate-Miyagi, earthquakes,
as mentioned above. The large crustal earthquakes usually do not occur within the
weak low-V zones, but at their edges where the mechanical strength of materials is
greater than in the low-V zones, but is still smaller than that of the normal sections
of the seismogenic layer. Hence, the edge portions of the low-V areas become the
optimal sites for large crustal earthquakes to take place, producing faults reaching
the Earth’s surface, or blind faults within the brittle upper crust (Fig. 4.5). Although
the tomographic images obtained are complex and their details change from place to
place (Figs. 4.1-4.4), low-V and/or high-PR anomalies are generally visible below
or around the mainshock hypocenters. These results indicate the common feature
that fluids and arc magma can affect, or even control, the nucleation of large crustal
earthquakes in the Japan subduction zone (Hasegawa and Zhao 1994; Zhao et al.
2002, 2010, 2015).

4.1.2 China

In the broad Asian continent, the distribution of permanent seismic stations is
very sparse, except in a few areas. One such area is the region in and around
Beijing, where a modern digital seismic network consisting of over 100 seismic
stations has been in operation since 2000. Huang and Zhao (2004) used a large
number of high-quality arrival time data of local crustal earthquakes recorded by
the Beijing seismic network to determine a detailed 3-D Vp tomography of the
crust and uppermost mantle. They compared their tomographic image with the
distribution of large crustal earthquakes in the Beijing region, such as the 1679
Sanhe earthquake (M 8.0), the 1976 Tangshan earthquake (M 7.8) and its two
large aftershocks (the M 6.9 Ninghe and the M 7.1 Luanxian earthquakes), and
found that these large earthquakes took place in high-V areas in the upper-middle
crust, whereas prominent low-V anomalies exist in the lower crust and the upper-
most mantle under the hypocenters (Fig. 4.6). These low-V zones also exhibit a
high electric conductivity, suggesting that crustal fluids exist there. Later, Qi et al.
(2006) determined 3-D Vp, Vs and PR images using more data recorded by the
Beijing seismic network. Huang and Zhao (2009) conducted a joint inversion of
local and teleseismic data recorded by the Beijing seismic network to determine a
3-D Vp model of the crust and the upper mantle down to a depth of 500 km. Wang
et al. (2013) determined a 3-D P-wave anisotropic tomography of the crust and
uppermost mantle beneath the North China Craton using the arrival times of local
earthquakes. These later studies confirmed the early findings of seismotectonics
by Huang and Zhao (2004).

Zhan et al. (2008) determined a 2-D image of electric resistivity across the source
area of the 1927 Gulang earthquake (M 8.0) in Western China. Their result shows
a significant low-resistivity anomaly existing right beside the Gulang hypocenter,
which represents a middle-crust layer containing fluids that affected the nucleation
of the Gulang earthquake.
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Fig. 4.6 (a—d) Vertical cross-sections of P-wave tomography along four profiles as shown in (e). Red
and blue colors denote low and high velocities, respectively. The velocity perturbation (in %) scale is
shown on the right. The thin lines show the Conrad and Moho discontinuities. The white stars denote
four large crustal earthquakes in the Beijing region. (Modified from Huang and Zhao 2004)

Fig. 4.7 shows Vp, Vs and PR images in the source area of the 2008 Wenchuan
earthquake (M 8.0) that occurred in the Longmenshan (LMS) fault zone in the east-
ern margin of the Tibetan Plateau (Lei and Zhao 2009). The structure of the LMS
fault zone north of the Wenchuan mainshock is very different from that south of
the mainshock. The southern section of the LMS fault zone contains a broad zone
with low-Vp, low-Vs and high-PR, whereas the northern segment exhibits more
scattered heterogeneities, corresponding to most of the aftershocks which occurred
there. A prominent anomaly with low-Vp, low-Vs and high-PR appears directly
beneath the Wenchuan mainshock hypocenter, suggesting that, in addition to com-
positional variations, fluid-filled fractured rock matrices may exist in the LMS fault
zone, which may have triggered the Wenchuan mainshock and its aftershocks. The
tomographic results provide seismic evidence for the hypothesis of the upward in-
trusion of the lower-crustal flow along the LMS fault zone (Lei and Zhao 2009).

The 20 April 2013 Lushan earthquake (Ms 7.0) occurred in a reverse fault in the
eastern margin of the Tibetan Plateau and was located about 50 km southwest of the
rupture zone of the 2008 Wenchuan earthquake (Zeng et al. 2013). Li et al. (2013)
determined a Vp and Vs tomography of the Lushan source area and found that most
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Fig. 4.7 Vertical cross-sections of (a, b) P-wave velocity, (¢, d) S-wave velocity, and (e, f) Pois-
son’s ratio, images along two profiles as shown in (g). Red denotes low velocity and high Poisson’s
ratio; blue denotes high velocity and low Poisson’s ratio. The color scale is shown at the bottom.
The dashed lines show the Moho discontinuity. The white stars denote the hypocenter of the 2008
Wenchuan earthquake (M 8.0) in Southwest China. (Modified from Lei and Zhao 2009)

aftershocks occurred in patches of high-Vp, high-Vs and low-Vp/Vs in the fault
zone, which may reflect mafic or ultramafic materials thrusting from the mid-lower
crust forming an asperity which generated the 2013 Lushan earthquake. A low-Vs
anomaly is revealed in the gap between the Wenchuan and Lushan earthquakes,
which may reflect ductile rocks (Li et al. 2013).

P-wave anisotropy tomography beneath Southeast Tibet and the adjacent regions
was determined using a large number of data from local earthquakes and teleseismic
events (Wei et al. 2013). The result shows a low-V layer with a thickness of ~20 km
in the lower crust, which may reflect a mechanically weak zone capable of flow on
a geological timescale. Most of the large earthquakes in the region, including the
2008 Wenchuan and the 2013 Lushan earthquakes, occurred at the margin of the
ductile flow in the lower crust, suggesting that the seismogenesis is controlled by
dynamic processes in the crust and upper mantle (Wei et al. 2013).

Cheng et al. (2014) determined a Vp tomography of the crust and uppermost
mantle beneath the Helan-Liupan-Ordos western margin tectonic belt in North-
Central China using local-earthquake arrival-time data. Their results show that
prominent low-V anomalies exist widely in the lower crust and the low-V zones
extend to the uppermost mantle in some local areas, suggesting that the lower crust
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contains higher-temperature materials and fluids. The major fault zones, especially
the large boundary faults of major tectonic blocks, are located at the edge portion
of the low-V anomalies, or the transitional zone between the low-V and high-V
anomalies in the upper crust, whereas low-V anomalies are revealed in the lower
crust under most of the faults. Most large historical earthquakes in the region are
located in the boundary zones where Vp changes drastically over a short distance.
Beneath the source zones of most of the large historical earthquakes, prominent
low-V anomalies are visible in the lower crust. These results shed new light on the
seismotectonics and geodynamic processes of the Qinghai-Tibetan Plateau and its
northeastern margin.

4.1.3 India

The 26 January 2001 Bhuj earthquake (Mw 7.6) occurred in western India, which
was one of the most catastrophic earthquakes to have occurred in India. Kayal et al.
(2002) determined 3-D Vp, Vs and PR images of the Bhuj source area using arrival-
time data from Bhuj aftershocks recorded by a portable seismic network. Signifi-
cant velocity and PR variations are revealed in the aftershock area. The mainshock
is located in a distinctive zone characterized by high-Vp, low-Vs and high-PR in
the depth range 20-30 km and extending 15-30 km laterally. This feature is very
similar to that of the 1995 Kobe earthquake (Zhao et al. 1996) and may reflect a
fluid-filled, fractured rock matrix which might have contributed to the initiation of
the Bhuj earthquake (Kayal et al. 2002). Mishra and Zhao (2003) determined more
detailed Vp, Vs and PR images and then estimated the crack density, saturation rate
and porosity images in the Bhuj earthquake area (Fig. 4.8), which confirmed the
early results of Kayal et al. (2002) and revealed some new features. Mishra (2013)
further estimated bulk-sound velocity images in the Bhuj source zone. These re-
sults suggested that the earthquake occurrence in Bhuj is closely related to in-situ
material heterogeneities in the crust and upper mantle, in addition to tectonic stress
concentration.

The 29 September 1993 Latur earthquake (Mw 6.1) was a rare earthquake in
a stable continental region, which occurred on a previously unknown blind fault.
Mukhopadhyay et al. (2006) determined detailed 3-D Vp, Vs and PR images in
the Latur source zone using P- and S-wave arrival-time data from the Latur after-
shocks recorded by a network of temporary seismic stations. The Latur source zone
exhibits strong lateral heterogeneities in Vp, Vs and PR structures. The mainshock
occurred within, but near the boundary, of a low-Vp, high-Vs and low-PR zone.
These results suggest that the asperity responsible for the mainshock hypocenter
was associated with a partially fluid-saturated fractured rock in a previously un-
known source zone with intersecting fault surfaces, which might have triggered the
1993 Latur mainshock and its aftershock sequence. The tomographic results are
in good agreement with other geophysical studies revealing high conductivity and
high concentration of radiogenic helium gas beneath the Latur source area (Mukho-
padhyay et al. 2000).
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Fig. 4.8 Vertical cross-sections of (a, d) P-wave velocity, (b, e) S-wave velocity, and (¢, f) Pois-
son’s ratio, images along an east-west profile AB (a-c¢) and a north-south profile CD (d-f) passing
through the hypocenter (star) of the 2001 Bhuj earthquake (Mw 7.6) in western India. Red denotes
low velocity and high Poisson’s ratio; blue denotes high velocity and low Poisson’s ratio. The color
scale is shown at the bottom. Small white dots show the Bhuj aftershocks which occurred within a
9-km width along each profile. (Modified from Mishra and Zhao 2003)

4.1.4 North America

Large earthquakes in North America have mainly occurred in Alaska, western North
America and the New Madrid seismic zone in the southern and midwestern USA.
High-resolution tomographic studies have been made for source areas of some large
crustal earthquakes in North America.

Lees (1990) determined a Vp tomography in the source area of the Loma Prieta
earthquake (M 6.9) that took place in Northern California on 17 October 1989.
His result shows prominent high-V anomalies near the mainshock hypocenter and
prominent low-V anomalies where the dip of the San Andreas fault appears to
change significantly. The termination of prominent low-V features existing primar-
ily in the hanging wall to depths of 7-9 km, correlates with the top of the rupture
zone. High-V zones along the fault dominate where aftershock activity is high. A
high-V anomaly located at depth along the fault is interpreted as imaging the as-
perity on which the Loma Prieta earthquake occurred. Thurber et al. (1995) deter-
mined 3-D Vp and Vp/Vs images along the Loma Prieta rupture zone. Their results
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confirmed the early result of Lees (1990) and revealed a significant Vp/Vs increase
(equal to a 30 % PR increase) from the middle crust to the upper crust, which may
have been responsible for the upward termination of the main shock rupture. They
suggested that the deep high-Vp body in the SE portion of the rupture zone consists
of two parts, based on model results indicating that the SW part of the body has a
relatively high Vp/Vs, whereas the NE part has a relatively low Vp/Vs.

Improved 3-D Vp and Vp/Vs models for the Loma Prieta area were obtained by
inverting a large number of local travel-time data from earthquakes, refraction shots
and blasts recorded by 1700 stations of the Northern California Seismic Network
and numerous portable seismograph deployments (Eberhart-Philipps and Michael
1998). The velocity and density models and seismicity reveal a complex structure
that includes a San Andreas fault extending to the base of the seismogenic layer. A
high-Vp body extends the length of the rupture and fills the 5-km wide volume be-
tween the Loma Prieta mainshock rupture and the San Andreas and Sargent faults.
This body may control both the pattern of background seismicity on the San Andreas
and Sargent faults and the extent of rupture during the mainshock, thus explaining
how the background seismicity outlined the along-strike and depth extent of the
mainshock rupture on a different fault plane 5 km away. The subvertical San An-
dreas fault and the fault surfaces that ruptured in the 1989 Loma Prieta earthquake
are both parts of the San Andreas fault zone, and this section of the fault zone does
not have a single type of characteristic event (Eberhart-Philipps and Michael 1998).

The 28 June 1992 Landers earthquake (Mw 7.3) occurred in the southeastern
Mojave Desert, California. Over 10,000 aftershocks of the earthquake were record-
ed by the Caltech-USGS Southern California Seismic Network in 1992. Zhao and
Kanamori (1993) used a large number of arrival-time data recorded by the permanent
and temporary seismic stations to determine a detailed Vp tomography with a spatial
resolution of ~5 km, and they relocated the Lander mainshock and aftershocks with
the obtained 3-D velocity model. Their results show a correlation between seismic-
ity patterns and velocity patterns, and a tendency for areas rich in seismicity to be
associated with higher velocities. The high-V areas are considered to be strong and
brittle parts of the fault zone, which are apt to generate earthquakes. In contrast,
low-V areas are probably more ductile and weaker, allowing aseismic slippage. If
this correlation generally holds, it has the important implication that seismic rupture
zones are fixed in space throughout many earthquake cycles (Zhao and Kanamori
1993). Lees and Nicholson (1993) also studied the P-wave crustal tomography of the
Landers source area, and their result is similar to that of Zhao and Kanamori (1993).

Zhao et al. (2005) determined a detailed Vs crustal tomography of the Landers
earthquake area using first arriving S-waves and reflected S-waves from the Moho
discontinuity (SmS, sSmS) generated by the Landers aftershocks (Fig. 4.9). These
data were recorded by only two seismic stations (GSC and PFO) which are sepa-
rated by ~200 km. The tomographic image obtained has a lateral resolution of 25—
35 km (i.e., 1/6—1/8 of the station spacing). This work indicates that crustal reflected
waves are very useful for improving the spatial resolution of crustal tomography.
This Vs tomography is similar to the Vp tomography (Zhao and Kanamori 1993;
Lees and Nicholson 1993), suggesting that the Landers earthquake occurrence is
closely related to the in-situ structural heterogeneities of the fault zone.
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Fig. 4.9 a A north-south vertical cross-section of S-wave velocity tomography along a profile
passing through the hypocenter (red star) of the 1992 Landers earthquake (Mw 7.3) in southern
Califonia. Red and blue colors denote low and high velocities, respectively. The velocity perturba-
tion (in %) scale is shown on the right. The black triangles denote two seismic stations GSC and
PFO. Black crosses show the Landers aftershocks which occurred within a 5-km width along the
profile. The curved line denotes the Moho discontinuity. b Distribution of ray paths of S, SmS and
sSmS wave data recorded by GSC and PFO stations, which were used to determine the S-wave
tomography in (a). (Modified from Zhao et al. 2005)

The 17 January 1994 Northridge earthquake (Mw 6.7) occurred in the San Fer-
nando Valley northwest of Los Angeles, and though of moderate size, caused wide-
spread damage over a large area in the Los Angeles basin. It took place on a south-
dipping fault beneath the Transverse Ranges, in striking contrast to the 1971 San
Fernando earthquake that occurred on a north-dipping fault. Since the Transverse
Ranges involve many active and complex structures formed under a regional N-S
compressional stress system, a much larger earthquake could occur if the rupture
extended over many segments of the fault system. Zhao and Kanamori (1995) de-
termined a detailed Vp crustal tomography of the Northridge area using a large
number of arrival times from Northridge aftershocks and other local events. A test
performed using the data from nearby portable stations suggested that the after-
shock hypocenters relocated with the obtained 3-D velocity model were accurate to
~2 km. They found that areas with a high aftershock activity were generally associ-
ated with a faster P-wave velocity. Vp is high around the main south-dipping fault
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of the 1994 Northridge earthquake and the north-dipping fault of the 1971 San Fer-
nando earthquake. A linear distribution of strike-slip aftershocks was found along a
NE-SW boundary between high-V and low-V zones. To the west of this boundary,
a cluster of large shallow aftershocks with mixed mechanisms occurred in or near
the border of a low-V area, whereas to the east, aftershocks with thrust mechanisms
occurred in a high-V area. These observations suggest that lateral variations of
crustal properties are closely related to the fault segmentation in the Transverse
Ranges. A better understanding of these features is important for long-term seismic
hazard assessment in the Los Angeles area (Zhao and Kanamori 1995).

The state of tectonic stress in the Northridge earthquake area was investigated
by applying a stress inversion method (Horiuchi et al. 1995) to P-wave polarity
data from earthquakes in Northridge from July 1981 to January 1994 and from
the Northridge aftershocks between January 1994 and December 1995 (Zhao et al.
1997). The 3-D crustal velocity model (Zhao and Kanamori, 1995) was used to
trace the rays originating from the hypocenter, which reduced the effect of structural
heterogeneities on the determination of the stress tensor. The results suggest that the
stress rotated coseismically, then rotated more slowly back to their original orienta-
tion. The Northridge aftershocks caused by the mainshock changed the stress distri-
bution in the crust, which showed up as a regional stress change. The stress recovery
was completed within 2 years after the mainshock, which is very short compared to
the timescale of the earthquake cycle (Zhao et al. 1997).

The enigmatic seismicity in the New Madrid Seismic Zone (NMSZ) has been
attributed to some abnormal crustal and lithospheric structures, including the pres-
ence of dense mafic intrusions and a low-viscosity lower crust, but the detailed
crustal and lithospheric structures in the region remain unclear (Zhang et al. 2009).
Powell et al. (2010) determined 3-D Vp and Vs images for a major portion of the
NMSZ using local earthquake arrival times recorded by the New Madrid seismic
network and some portable stations. Low-Vp and high-Vs anomalies resulted in low
Vp/Vs ratios that correspond to the major arms of seismicity north of the intersec-
tion of the Cottonwood Grove—Blytheville Arch fault with the Reelfoot fault. The
very low Vp/Vs values may reflect the presence of quartz-rich rocks. Two low-V
and high-Vp/Vs anomalies are revealed, which cannot be explained by variations in
rock composition and may be caused by overpressured fluids. Dunn et al. (2013) de-
termined improved 3-D Vp and Vs crustal models for the NMSZ using a better data
set. Their results are compatible with the previous model of Power et al. (2010). A
locally high-Vp/Vs anomaly imaged along the central portion of the Reelfoot fault
is spatially correlated with a significant change in fault trend and is interpreted as a
body containing high pore pressure and/or water-filled microcracks.

Arrival times of local earthquakes and teleseismic events were inverted jointly
for a 3-D Vp lithospheric structure beneath the NMSZ (Zhang et al. 2009). The re-
sults show that the seismically active zone is associated with a local, NE-SW trend-
ing low-V anomaly in the lower crust and upper mantle, instead of high-V intrusive
bodies proposed by previous studies. The low-V anomaly is located at the edge of
a high-V lithospheric block, consistent with the notion of stress concentration near
rheological boundaries. This lithospheric weak zone may shift stress to the upper
crust when loaded, thus leading to repeated shallow earthquakes. Chen et al. (2014)
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determined an updated 3-D Vp model of the crust and upper mantle down to a depth
of 400 km beneath the NMSZ using high-quality arrival times from local earth-
quakes and teleseismic events recorded by the EarthScope/USArray Transportable
Array. Their results show that, beneath the Reelfoot Rift, a significant low-V zone
exists in the upper mantle down to a depth of 200 km, which may be related to
the passage of the Bermuda hotspot and the stalled ancient Farallon slab materials
foundering in the mantle transition zone. This low-V zone may have a lower shear
strength and act as a viscously weak zone embedded in the lithosphere, being apt to
concentrate tectonic stress and transfer stress to the seismogenic faults in the upper
crust, leading to the large intraplate earthquakes in the NMZS (Chen et al. 2014).

4.1.5 Italy

Although many studies have been made, the crustal and upper mantle structures of
the Apennines Peninsula, Italy, are still poorly defined, leaving uncertainties con-
cerning the tectonic style (thin or thick-skinned) responsible for the development
of the thrust-and-fold belt (Chiarabba et al. 2010). The current active extension,
which replaced compression since the early Quaternary, is presumably influenced
by the pre-existing structure that yields the location and segmentation of the fault
system. To clarify these issues, Chiarabba et al. (2010) determined 3-D Vp and Vs
crustal models using local earthquake tomography and teleseismic receiver func-
tions. Their results show strong lateral and vertical heterogeneities that define shal-
low, imbricate sheets of the Mesozoic cover that overlay very high-Vp and high-
Vs anomalies. These anomalies may reflect either dolomitic or, partially hydrated,
mafic rocks. The two alternative interpretations respectively imply an ultra-thick
deposition of dolomitic rocks in the hanging wall of Triassic normal fault or a deep
exhumation of the Pre-Mesozoic basement during the early Mesozoic sin-rift tec-
tonic. In both cases, these bodies must have affected the evolution of the thrust-and-
fold belt. Active normal faults, such as those ruptured during the 2009 L’ Aquila
earthquake (Mw 6.1) sequence, concentrate at the border of these bodies, suggest-
ing that they play an important role in the segmentation of the normal fault system
(Chiarabba et al. 2010).

Di Stefano et al. (2011) inverted local-earthquake P- and S-wave arrival times
recorded by a dense local seismic network to determine 3-D crustal Vp, Vs and PR
images in the source area of the 6 April 2009 L’ Aquila earthquake. The initial stages
of the mainshock rupture are characterized by an emergent phase followed by an
impulsive phase 0.87 s later. The emergent phase is located in a very high-Vp and
relatively low-PR zone. The impulsive phase marks the beginning of the large mo-
ment release and is located outside the low-PR volume. The comparison between
the Vp and PR spatial variations within the mainshock nucleation volume with the
rupture history revealed by waveform inversion enables the delayed along-strike
propagation to be interpreted in terms of the heterogeneity of the lithology and the
material properties (Di Stefano et al. 2011).
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4.1.6 Turkey

Turkey is a tectonically very active region and has suffered many large earthquakes
to date. Several tomographic studies have been made of the 3-D crustal and upper-
most mantle structure and seismotectonics of different parts of Turkey (e.g., Salah
et al. 2007, 2011, 2013; Gokalp 2012). These studies indicate that strong lateral
heterogeneities exist in the crust and uppermost mantle beneath Turkey. Prominent
low-V anomalies are revealed beneath existing volcanoes and active fault segments.
Higher Vp/Vs anomalies are widely distributed, which may reflect over-pressurized
fluids that may be responsible for triggering large crustal earthquakes in the Anato-
lian fault zone (Salah et al. 2013).

An earthquake (Mw 7.4) with a focal depth of 15 km occurred in Izmit city,
northwestern Turkey on 17 August 1999, causing casualties of more than 15,000
dead and 25,000 injured. It was located at the westernmost part of the active North
Anatolian Fault Zone. After the 1939 Erzincan earthquake (M 8.0), a sequence of
large earthquakes propagated successively from the east to the west along this fault
zone. Nakamura et al. (2002) relocated the aftershocks and determined a Vp crustal
tomography in the 1999 Izmit source area. They found that the aftershocks form
a 170-km-long narrow zone trending in an east-west direction along the northern
branch of the North Anatolian Fault Zone. The aftershocks are not homogeneously
distributed but consist of several clusters. Focal mechanism solutions of the after-
shocks exhibit different types, whereas they are similar to each other within the
same cluster. A distinct low-V zone was revealed to the west of the mainshock hy-
pocenter. The mainshock rupture zone was located in a high-V anomaly sandwiched
between two low-V zones. The Anatolian earthquake sequence that had migrated
westward during the past 60 years did not propagate into the southern branch of
the fault zone, suggesting that the Anatolian earthquake sequence progressed to the
west exploiting an area that could break more easily (Nakamura et al. 2002).

4.2 Megathrust Earthquakes

Megathrust earthquakes take place in the interplate megathrust zone where the
subducting plate makes contact with the overlying plate. All the huge earthquakes
(M>8.5) on Earth occur in the megathrust zones, such as the 1952 Kamchatka
earthquake (Mw 9.2), the 1960 Chile earthquake (Mw 9.5), the 1964 Alaska earth-
quake (Mw 9.2), the 2004 Sumatra earthquake (Mw 9.2), the 2010 Chile earth-
quake (Mw 8.8), and the 2011 Tohoku-oki earthquake (Mw 9.0). It is important to
study the detailed 3-D structure of the interplate megathrust zone so as to clarify
the nucleation mechanism of the great megathrust earthquakes. However, because
the megathrust zones are located beneath the forearc regions of subduction zones,
which are covered by oceans in most cases, few permanent seismic stations are
installed there and so usually the forearc earthquakes are poorly located, making
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Fig. 4.10 (a, b) Examples of vertical-component seismograms with the sP depth-phases from two
suboceanic earthquakes recorded by the Hi-net seismic stations (open circles) on Honshu Island
as shown in (c¢). The star shows the epicenter of the 2011 Tohoku-oki earthquake (Mw 9.0). The
origin time and magnitude of each earthquake are shown above the seismograms. The station code
and epicentral distance are shown on the /eft of each seismogram. (d) A cartoon showing the ray
paths of the sP depth-phase and direct P-wave from a suboceanic earthquake. (Modified from
Huang and Zhao 2013b)

it difficult to conduct high-resolution tomographic imaging there. Active-source
reflection surveys and ocean-bottom-seismometer (OBS) observations have been
conducted in a few forearc regions (e.g., Miura et al. 2003; Hino et al. 2006; Obana
et al. 2012), which are very expensive and, hence, limited in both the observation
period and area.

An off-network tomography method was developed to study the 3-D seismic
velocity structure of the forearc region under the Pacific Ocean (Zhao et al. 2002,
2007). Its principle is to first detect sP depth phases on seismograms of suboceanic
earthquakes recorded by the nearby land-based seismic network (e.g., Fig. 4.10) and
use arrival times of the sP depth phase as well as the first P- and S-waves to relocate
many suboceanic events precisely. Then P- and S-wave arrival times of the relocated
suboceanic events are used to conduct tomographic imaging of the forearc region. In
the past decade, this approach has been applied successfully to the forearc and back-
arc oceanic regions surrounding the Japan Islands (see Zhao 2012 for a review).

In this section, we introduce the tomographic studies carried out for a few sub-
duction-zone forearc regions and the insights obtained into the causal mechanism
of megathrust earthquakes.
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4.2.1 Northeast Japan Arc

Zhao et al. (2002) determined the first Vp tomography of the Tohoku (NE Japan)
forearc region and the interplate megathrust zone under the Pacific Ocean, applying
the off-network tomography method to P-wave arrival times of suboceanic events
relocated with sP depth phases (Umino et al. 1995). Later, several studies applied
this approach to improved data sets to determine 3-D Vp, Vs and PR images of
the Tohoku forearc (Mishra et al. 2003; Wang and Zhao 2005; Zhao et al. 2007,
2009; Huang et al. 2011a). This approach was also applied to study the Vp and Vs
structures of the Tohoku back-arc region (Huang et al. 2011a; Zhao et al. 2011b).
These studies revealed strong lateral heterogeneities in the megathrust zone and
their correlation with the distribution of large megathrust earthquakes in the period
19002008 (see Zhao 2012 for a review). The pattern of the tomographic images is
generally consistent with the results of active-source seismic reflection surveys near
the Japan Trench (e.g., Tsuru et al. 2002).

Zhao et al. (2011c) relocated the great 11 March 2011 Tohoku-oki earthquake
(Mw 9.0) and its 339 foreshocks and 5609 aftershocks during 9-27 March 2011 us-
ing the 3-D velocity model of Huang et al. (2011a) and local P- and S-wave arrival
times recorded by the land-based seismic network. They compared the distribution
of the relocated hypocenters with the tomographic image of the megathrust zone
and found that most of the large megathrust earthquakes during 1900-2011 are
located in high-V patches, or at the boundary between the low-V and high-V zones,
with only a few situated in the low-V patches (Fig. 4.11a). The low-V patches in
the megathrust zone may contain subducted sediments and fluids from slab dehy-
dration. Thus, the subducting Pacific plate and the overriding Okhotsk plate may
become weakly coupled or even decoupled in the low-V areas. Large-amplitude re-
flected waves from the slab boundary were detected in a low-seismicity area under
the forearc region off Sanriku (Fujie et al. 2002), as were some slow and ultra-slow
thrust earthquakes (Heki et al. 1997; Kawasaki et al. 2001). Both the seismic reflec-
tors and slow thrust earthquakes were caused by fluids at the slab boundary (Fujie
et al. 2002; Kawasaki et al. 2001), and they are all located in the off-Sanriku low-V
zone (Fig. 4.11a). In contrast, the high-V patches in the megathrust zone (Fig. 4.11a)
may result from subducted oceanic ridges, seamounts and other topographic highs,
or compositional variations on the seafloor, which become asperities where the sub-
ducting Pacific plate and the overriding Okhotsk plate are strongly coupled. Thus,
tectonic stress tends to accumulate in these high-V areas for a relatively long time
during subduction, leading to the nucleation of the large megathrust earthquakes in
those areas (Fig. 4.11a). The off-Miyagi high-V zone where the 2011 Tohoku-oki
mainshock and its largest foreshock occurred (Fig. 4.11a) corresponds to the area
with a large coseismic slip (>25 m) during the Tohoku-oki mainshock (Fig. 4.11b).
This indicates that the off-Miyagi high-V zone is a large asperity (i.e., strongly cou-
pled area) or a cluster of asperities in the megathrust zone that ruptured during the
2011 Tohoku-oki mainshock. The distribution of structural heterogeneities in the
megathrust zone and its correlation with the distribution of large thrust earthquakes
(Fig. 4.11a) suggest varying degrees of interplate seismic coupling from the north
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Fig. 4.11 a P-wave tomography of the Tohoku megathrust zone (Zhao et al. 2011c). Red and blue
colors denote low and high velocities, respectively. Open circles denote large interplate earth-
quakes (M>6.0) that occurred from 1900 to 2010. The velocity perturbation (in %) scale and
the earthquake magnitude scale are shown at the bottom. Red and yellow stars denote the IMA
(Japan Meteorological Agency) determined epicenters and relocated epicenters of the Tohoku-oki
earthquake (Mw 9.0) and its major aftershocks (Mw>7.0) which occurred on 11 March 2011. b
Coseismic slip distribution of the 2011 Tohoku-oki earthquake (white star) estimated by Yue and
Lay (2011). The two blue lines show the north-south range of the off-Miyagi high-velocity zone in
(a), where large coseismic slips (>25 m; purple parts) took place

to the south in the Tohoku forearc, possibly controlling the nucleation of the large
megathrust earthquakes. The great 2011 Tohoku-oki earthquake sequence is very
possibly related to such a process. The differences in interplate seismic coupling
may result from variations in the frictional behavior of materials, which may be
imaged by the seismic tomography (Fig. 4.11a).

These results also suggest that the distribution pattern of the megathrust earth-
quakes in the Tohoku forearc (Fig. 4.11a) may not change in the coming 10,000
years, if the seismic velocity variations reflect the structural heterogeneity of the
upper boundary of the subducting Pacific plate. The subduction rate of the Pacific
plate is 7-10 cm/year at the Japan Trench, and hence, the Pacific slab would not
move more than 1 km beneath the Tohoku fore-arc in the coming 10,000 years.

The great Tohoku-oki earthquake was accompanied by nearly 100 large after-
shocks (M >6.0) in the Tohoku forearc by the end of 2011. Huang and Zhao (2013a)
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relocated 77 of these large events using three different velocity models. The updated
3-D velocity model (Huang et al. 2011a) significantly reduced the travel-time re-
siduals in the earthquake relocation. They found that, after precise relocation, the
large thrust earthquakes are generally located in or around the high-V patches in
the megathrust zone, confirming the earlier findings of Zhao et al. (2011c). Many
non-thrust large earthquakes are found to take place in the crust of the overriding
Okhotsk plate, indicating that the stress field there has been changed by the Tohoku-
oki mainshock (Hasegawa et al. 2012; Tong et al. 2012; Yoshida et al. 2012; Huang
and Zhao 2013a).

To better understand the generating mechanism of the 2011 Tohoku-oki earth-
quake and the induced tsunami, Huang and Zhao (2013b) determined improved 3-D
Vp and Vs images of the Tohoku forearc using a better data set, including P- and
S-wave arrivals of many aftershocks of the 2011 Tohoku-oki earthquake which are
relocated precisely with sP depth phases and the 3-D velocity model. They revealed
a shallow high-V zone with large coseismic slip near the Japan Trench, which may
account for the asperity of the 2011 mainshock. Because it is an isolated asperity
surrounded by low-V patches, most of the stress on it could be released in a short
time and the plate interface became decoupled following the mainshock. Thus, the
overriding Okhotsk plate there was shot out toward the Japan Trench thereby caus-
ing the huge tsunami (Ito et al. 2011; Huang and Zhao 2013b). A few other research-
ers also made tomographic studies of the Tohoku forearc region using different data
sets and methods, and obtained more or less similar results (e.g., Wang et al. 2012;
Yamamoto et al. 2012; Tian and Liu 2013).

Liu et al. (2014) determined a 3-D attenuation (Qp, Qs) tomography of the crust
and upper mantle beneath the entire Tohoku arc from the Japan Trench to the eastern
margin of the Japan Sea. They found that most of the large megathrust earthquakes
are located in or around the low-attenuation (high-Q) patches of the megathrust
zone, very similar to the velocity tomography results mentioned above.

4.2.2  South Kuril Arc

Wang and Zhao (2005) determined the first Vp and Vs tomography in the forearc
region of the South Kuril arc off Hokkaido using the off-network tomography meth-
od. Liu et al. (2013a) determined more detailed 3-D Vp and Vs images as well as
a P-wave anisotropy tomography of the crust and upper mantle beneath the entire
South Kuril arc from the Kuril-Japan trench to the eastern margin of the Japan
Sea using a large number of high-quality arrival-time data from local earthquakes.
The suboceanic earthquakes used in the tomographic inversion are relocated pre-
cisely using sP depth phase data, which are collected from three-component seis-
mograms recorded by the dense Japanese seismic network (Figs. 4.12 and 4.13).
They revealed three prominent high-V zones separated by low-V anomalies in the
megathrust zone beneath the Kuril forearc (Fig. 4.14). Similar to the results for the
Tohoku forearc, the high-V zones coincide with areas having large coseismic slips
of great megathrust earthquakes, as well as areas with a large slip deficit on the plate
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Figure 4.12 a Distribution of the 369 seismic stations (blue squares) used. b Simplified tectonic
background of the study area (green box). The sawtooth and dashed lines denote the plate boundar-
ies. The red triangles in b denote active volcanoes. ¢ Distribution of the 4803 earthquakes used.
The black crosses denote events that occurred under the seismic network. The green and red dots
show suboceanic events which are relocated using sP depth phases. d East-west and e north—south
vertical cross-sections of the earthquakes shown in c. (After Liu et al. 2013a)



4.2 Megathrust Earthquakes 121

T T

7

No.1 2008-07-26 01:30:54.8s 42.204E 138.075N 16.30km M2.7 No.4 2011-05-15 0T:30:28.3s 42.847N 146.322E 22.30km M5.0
D e T e T T - o

Ne.2 2010-03-05 16:09:41.0s 40.924N 130.581E 18.97am M27

— T T — T T T T
ke

Neo.§ 20050202 20:16:30.0s 41.977N 145.373E 27.62km M3.4

T T

Tima (sec) Time {wec)
Ne.3 2011-06-05 042216.08 44.536N 144.788E 16.88km M2.8 128" 140° - 144 146"
—f—r—t—r— —r—rr—r T E .

Fig. 4.13 Examples of vertical-component seismograms of five suboceanic earthquakes that
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of the earthquakes are shown above the seismograms. The station codes and epicentral distances
are shown on the /eft. Clear sP depth phases are labelled by blue dots. The events (blue stars) and
seismic stations (black squares) are shown on the inset map. (After Liu et al. 2013a)



122 4 Large Earthquakes and Seismotectonics

142E 142E 146E 142E 144E 144E

* * % % K
6.0 657.0 7.5 80

&Vs
” %

44N

50 26 00 25 650

42N

40N

Fig. 4.14 S-wave velocity tomography of the interplate megathrust zone directly above the upper
boundary of the subducting Pacific slab (the black dashed lines). Black stars in a denote large
earthquakes (A£/>6.0; 1901-2011) that occurred in the forearc region beneath the Pacific Ocean.
The earthquake magnitude and velocity perturbation (in %) scales are shown at the top. The red
contour lines in b denote coseismic slip distributions of some large megathrust earthquakes esti-
mated by waveform inversion studies. The inner contour lines denote larger slips. The black tri-
angles denote active arc volcanoes. The sawtooth line indicates the Kuril-Japan Trench. (Modified
from Liu et al. 2013a)

interface. In contrast, the low-V patches are generally consistent with the afterslip
distribution of the 2003 Tokachi-oki megathrust earthquake (Mw 8.0). These high-
V zones probably represent asperities in the megathrust zone, whereas the low-V
anomalies around the asperities may contain fluids, which play an important role in
the nucleation of the megathrust earthquakes, in addition to the stress concentration.
Their results also reveal a boundary in the tomographic images between the Tohoku
arc and the Kuril arc, especially at the Hidaka collision zone. This boundary extends
southwards to the rupture zones of the 1952 and 2003 Tokachi-oki earthquakes (Mw
8.1 and 8.0), which may have contributed to the formation of the asperity for the
two great megathrust events (Liu et al. 2013a).

4.2.3 Southwest Japan Arc

Wang and Zhao (2006¢) applied the off-network tomography method to study the
3-D Vp and Vs structure of the forearc region of the Kyushu subduction zone where
the young Philippine Sea slab is descending beneath the Eurasian plate. Liu et al.
(2013b) determined a Vp and Vs tomography of the entire Southwest Japan arc
from the Nankai Trough to the Japan Sea by applying the off-network tomography
method to a large number of high-quality arrival-time data of local earthquakes
(Figs. 4.15 and 4.16). The suboceanic earthquakes used in the tomographic inver-
sion were relocated precisely using sP depth phase data. The two studies revealed
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Fig. 4.16 S-wave velocity tomography of the interplate megathrust zone along the upper boundary of
the subducting Philippine Sea slab. Red and blue colors denote low and high velocities, respectively.
Red stars denote large earthquakes (M>6.0; 1900-2011) that occurred in the forearc region beneath
the Philippine Sea. The yellow contour lines in (b) denote coseismic slips of large megathrust earth-
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volcanoes. The sawtooth and dashed lines indicate the Nankai Trough and the depth contours of the
upper boundary of the subducting Philippine Sea plate, respectively. (Modified from Liu et al. 2013b)
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strong lateral heterogeneities in the interplate megathrust zone under the Nankai
forearc. Similar to the Tohoku and South Kuril arcs, large megathrust earthquakes
mainly occurred in, or around, high-V patches in the megathrust zone. Liu et al.
(2013b) showed that coseismic slip distributions of some megathrust earthquakes
are not limited in the high-V patches (asperities) where the ruptures initiated. Be-
cause of weak interplate coupling in the low-V areas, an interplate rupture could
pass through the low-V zones and so result in a great megathrust earthquake.

4.2.4 Sumatra

On 12 September 2007, an Mw 8.4 earthquake occurred within the southern section
of the Mentawai segment of the Sumatra subduction zone, where the megathrust
zone had previously ruptured in 1833 and 1797. Collings et al. (2012) deployed a
temporary local seismic network from December 2007 to October 2008 to record
the aftershocks of the 2007 event and to determine 2-D and 3-D velocity models
of the Mentawai segment. The seismicity distribution revealed significant activity
in the megathrust zone and two clusters in the overriding plate either side of the
forearc basin. The subducting Australian slab is clearly imaged as a dipping zone of
high-Vp (8.0 km/s), which is traced to a depth of 50 km, with an increased Vp/Vs
ratio (1.75-1.90) beneath the islands and the western side of the forearc basin, sug-
gesting a hydrated oceanic crust. Above the Australian slab, a shallow continental
Moho of <30 km depth is revealed, suggesting that the intersection of the continen-
tal mantle with the subducting slab is much shallower than the down-dip limit of
the seismogenic zone, though localized serpentinization takes place at the toe of the
mantle wedge. The outer arc islands exhibit low-Vp (4.5-5.8 km/s) and high-Vp/
Vs (>2.0), suggesting that they contain fluid-saturated sediments. The soft outer
forearc may have contributed to the slow rupture of the Mw 7.7 Mentawai tsunami
earthquake on 25 October 2010 (Collings et al. 2012).

Deep seismic-reflection surveys were conducted along seven profiles covering
a 3000-km-long subduction system from Andaman to Southern Sumatra, including
zones that ruptured in 2004, 2007 and 2010 (Moeremans et al. 2014). The results
show that the frontal zone is characterized by a series of thrusts bounding folded
blocks of sediments with preserved layering, showing a northward transition from
a dominantly seaward vergence of the frontal thrusts to a dominantly landward ver-
gence of the frontal thrusts. Poor reflection of the seismic energy occurs in the ac-
cretionary wedge, possibly because of a high degree of faulting and compaction of
the sediments. The oceanic crust contains many faults and topographic reliefs along
most of the margin. Landward vergence at the deformation front is associated with
a thick incoming sediment section. The segment with a landward vergence corre-
sponds to an area with high near-trench slip during the December 2004 earthquake
(Mw 9.2) and the main tsunami source, and it is located just west of the hypocenters
of several intraplate events (Mw >7) in the years after the great 2004 earthquake.
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4.2.5 Chile

Travel-time data from the aftershocks of the megathrust Antofagasta earthquake
(Mw 8.0) on 30 July 1995 were used to determine detailed 3-D Vp and Vp/Vs im-
ages in the source region (Husen et al. 2000). The data were recorded by a dense
44-station seismic network including ocean-bottom hydrophones. The subducting
Nazca plate at a depth of 20-50 km was imaged as an eastward dipping high-Vp
zone. High Vp/Vs ratios are revealed within the oceanic crust, which may reflect
elevated fluid content. Underplating of material eroded close to the trench is found
beneath the Mejillones Peninsula. The lower crust of the overlying plate has an
average Vp of 6.8-6.9 km/s and an average-to-low Vp/Vs ratio. Large areas of very
high-Vp are found in the lower crust south of the city of Antofagasta, which are
interpreted as remnants of magmatic intrusions.

A high-Vp/Vs anomaly is revealed within the rupture area of the Antofagasta
mainshock, just above the subducting slab. Its location within the zone of highest
stress release from the mainshock suggests that the mainshock rupture caused the
high Vp/Vs ratio (Husen et al., 2000). The time evolution of the high Vp/Vs ratio
after the Antofagasta mainshock was caused by postseismic fluid flow into the over-
riding plate. The accumulation of high stress may form a permeability barrier in the
megathrust zone, capturing the fluids in the subducting plate. This seal is broken
only by large megathrust earthquakes that allow the fluids to rapidly migrate into
the overlying plate. Postseismic fluid flow implies a relatively high permeability of
the overlying lower continental crust (Husen and Kissling 2001).

4.3 Intraslab Earthquakes

The 24 March 2001 Geiyo earthquake (M 6.8) occurred at a depth of 50 km within
the subducting PHS slab beneath Southwest Japan (Zhao et al. 2002). This intraslab
carthquake was generated by normal faulting under an east-west tensional stress
regime. The seismogenic fault is north-south oriented and dips toward the west with
a dip angle of 35° from the vertical. The Geiyo aftershocks are distributed along
the N-S oriented fault zone with a length of ~30 km. The mainshock hypocenter
is located at the northern end of the aftershock zone. It is considered that the Geiyo
carthquake was caused by a tensional fracture of the subducted PHS slab. Zhao
et al. (2002) determined a detailed Vp tomography of the crust and upper mantle
under the Geiyo region, revealing that the Geiyo mainshock hypocenter was located
where a mantle wedge low-V zone is nearly connected with the PHS slab, where
slab dehydration may take place actively. In addition, very few intermediate-depth
earthquakes occur north of the Geiyo mainshock hypocenter, and so the Geiyo hy-
pocenter represents the northern edge of the seismic portion of the PHS slab (Zhao
et al. 2012a; Huang et al. 2013), where a change in temperature and/or brittleness
takes place in the slab. These features suggest that the 2001 Geiyo earthquake was
related to structural anomalies associated with the dehydration and temperature
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change of the PHS slab. The strike and dip of the PHS slab change around the Geiyo
earthquake area. The slab is nearly flat beneath Shikoku but steeply dips toward the
west beneath Kyushu. The local stress regime of east—west extension (the minimum
compressional stress) in the Geiyo source area may be associated with the curva-
ture of the PHS slab under the region. The Geiyo earthquake was caused by the
joint effects of the local tensional stress regime, structural heterogeneities related
to temperature changes within the slab, and the strength weakening and triggering
effects due to the PHS slab dehydration (Zhao et al. 2002).

The 26 May 2003 Miyagi-oki earthquake (Mw 7.0) occurred at a depth of 70 km
within the subducting Pacific slab beneath the Pacific coast of Tohoku (Okada and
Hasegawa 2003). Mishra and Zhao (2004) determined a fine 3-D Vp tomography
of the Pacific slab for understanding the genesis of this intraslab earthquake and its
aftershock sequence. They found that its mainshock and aftershocks occurred in a
distinct zone characterized by a localized lower-velocity anomaly than its surround-
ings within the Pacific slab. They suggested that the reduced velocity within the slab
is attributed to the process of dehydration embrittlement resulting from the dehydra-
tion of hydrous minerals in the Pacific slab, which may have induced the mainshock
and its aftershock sequence by enhancing pore pressures along a pre-existing fault
within the subducting slab beneath the Tohoku forearc.

The 15 January 1993 Kushiro-oki earthquake (M 7.8) took place at a depth of
101 km within the subducting Pacific plate beneath the eastern coast of Hokkaido.
Nakajima et al. (2009) determined a detailed tomography in the subducting Pacific
slab beneath the region using local-earthquake arrival-time data. They revealed a re-
markable low-V layer with a thickness of ~ 10 km at the uppermost part of the slab,
which is interpreted as hydrated oceanic crust. The layer gradually disappears at
depths of 70-80 km, reflecting the breakdown of hydrous minerals there. A signifi-
cant low-V anomaly is imaged along the lower plane of the double seismic zone and
above the aftershock area of the 1993 Kushiro-oki earthquake, which may reflect
hydrous minerals in the lower plane as well as in the source zone of the Kushiro-
oki earthquake. These results suggest that intermediate-depth intraslab earthquakes
occur mainly in areas containing hydrous minerals, which support the dehydration
embrittlement hypothesis as a cause of intraslab earthquakes.

On 7 April 2011 a strong intraslab earthquake (M 7.2) occurred at a depth of
~60 km within the subducting Pacific slab off Tohoku, which was associated with
the great megathrust earthquake (Mw 9.0) of 11 March 2011. Nakajima et al. (2011)
determined a detailed tomography in the source zone of this intraslab earthquake.
They revealed a low-V zone around its focal area and found that its aftershock
activity was limited to the upper 15 km of the mantle portion of the Pacific slab.
This low-V zone has a lateral extent comparable to the distribution of aftershocks,
suggesting a concentration of fluids in the aftershock area. The angle between the
aftershock alignment and the dip of the slab surface is ~60°, being consistent with
the dip of an oceanward dipping normal fault observed at the outer-trench slope.
These results suggest that this intraslab earthquake may be caused by the reactiva-
tion of a buried hydrated fault that formed before subduction. The upper ~ 15 km of
the oceanic mantle may be locally hydrated by bending-related tensional faulting at
the outer-rise portion of the Pacific plate (Nakajima et al. 2011).
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4.4 Deep Earthquakes

Deep earthquakes (>300 km depth) account for only a few percent of global seismic
activity, estimated from either the number of earthquakes or seismic moments (Kirby
et al. 1996). Studies of deep earthquakes to date have provided direct information
on the thermal, thermodynamic, and mechanical properties inside the subducting
slab. However, the mechanism of deep earthquakes is still a matter of debate, and
several models have been proposed, including dehydration embrittlement (Raleigh
and Paterson, 1965), transformational faulting of olivine (Green and Burnley 1989;
Green and Houston 1995; Green 2003), and adiabatic shear instability (Hobbs and
Ord 1988; Karato et al. 2001). The second model (i.e., transformational faulting of
olivine) seems more popular than the other hypotheses because a majority of deep
earthquakes are found to occur at the mantle transition-zone depths within the sub-
ducting slab (Green and Houston 1995).

lidaka and Suetsugu (1992) analyzed travel-time residuals of some deep earth-
quakes and suggested the presence of a metastable olivine wedge (MOW) with a
depth of about 550 km inside the subducting Pacific slab beneath the Izu-Bonin
region. They also suggested that the occurrence of deep earthquakes is related to
the MOW in the Pacific slab. Koper et al. (1998) used OBS data to investigate this
issue for the subducting Pacific slab beneath the Tonga region, but they failed to
detect an MOW in the Tonga slab. Kaneshima et al. (2007) and Kubo et al. (2009)
revealed an MOW of 5 % low-velocity relative to the iasp91 Earth model (Kennett
and Engdahl 1991) inside the subducting Pacific slab beneath Mariana. Kawakatsu
and Yoshioka (2011) detected an MOW beneath Southwest Japan using teleseismic
receiver functions.

Jiang et al. (2008) and Jiang and Zhao (2011) studied the fine structure of the sub-
ducting Pacific slab using arrival-time data from deep earthquakes beneath the Japan
Sea and the East Asian margin recorded by the dense seismic network on the Japan
Islands (Fig. 4.17a). They detected a low-V finger within the subducting Pacific slab
in the mantle transition-zone depth under the Japan Sea, which is interpreted to be an
MOW (Fig. 4.17b). They relocated the deep earthquakes using the final slab model
and found that all the deep earthquakes are located within the MOW or along its edges
(Fig. 4.17b), suggesting that the occurrence of deep earthquakes is related to the fine
structural heterogeneity and phase changes in the subducting slab, as suggested by
carlier studies (e.g., Kirby 1991; Green and Houston 1995).

Recently, a much better data set and a new method have been used to study the
precise velocity structure of the subducting Pacific slab under the Japan Sea (Jiang
et al. 2015). Travel-time double-residuals, instead of raw travel-time residuals, of
17 well-located deep earthquakes are used in the analysis. A modified double-differ-
ence location method is applied to relocate precisely the 17 deep earthquakes which
were recorded by both Chinese and Japanese seismic stations, and the relocated
hypocenters are accurate to 2 km. As a result, a low-V zone with a P-wave velocity
reduction of 5~8% relative to the iasp91 Earth model is revealed within the sub-
ducting Pacific slab at the mantle transition-zone depth, which reflects the MOW.
The existence of the MOW affects not only the subduction dynamics of the Pacific
slab but also the generation of deep earthquakes (Jiang et al. 2015).
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Fig. 4.17 a Epicenter locations of the 78 deep earthquakes. Focal mechanism solutions (lower-
hemisphere projection) of four deep earthquakes are also shown, whose sizes are proportional to
their magnitudes shown above each beach ball. The black portions in each beach ball denote the
compressional area. The red triangles represent active arc volcanoes. b Vertical cross-section of
the relocated 78 earthquakes and the focal mechanism solutions of four earthquakes in the optimal
slab model along line 4B. The solid and dashed lines denote the upper and lower boundaries of the
Pacific slab. The grey triangle in the slab represents the optimal model of the metastable olivine
wedge. (Modified from Jiang and Zhao 2011)

The MOW is an important, but less distinguishable, feature in the subducting
slab, and the resolution of current tomography under the Japan Sea is still too low to
image such a small feature because of the lack of seismic stations in the Japan Sea
(e.g., Zhao et al. 2012; Huang et al. 2013). That is why so far seismologists have ad-
opted simple forward-modeling approaches to study the MOW structure. In future
studies, it would be ideal to detect the MOW by tomographic imaging when a dense
OBS network is installed in the marginal seas (e.g., the Japan Sea, Lau Basin, etc.)
above the deep earthquakes.
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4.5 Discussion

The majority of the earthquakes occurring on Earth take place in subduction zones
where almost every type of earthquakes is observed. The generation of subduc-
tion-zone earthquakes is not a pure faulting process, but affected or controlled by
subduction dynamics. So far, many researchers have investigated subduction-zone
processes using multidisciplinary approaches. These studies indicate that fluids exist
widely in the crust and upper mantle, and in particular, in subduction zones (e.g.,
Tatsumi 1989; Peacock 1990; Iwamori and Zhao 2000; van KeKen et al. 2011; Zhao
2012). Deep subduction of the oceanic lithosphere is accompanied by metamorphic
processes which lead to continuous fluid production, which in turn plays a key role
in the generation of arc magmas (Fig. 4.5). Slab dehydration takes place continu-
ously down to ~200 km depth through breakdown reactions of hydrous phases in the
subducting slab, and fluid inclusion studies of minerals from deep subducted rocks
indicate the production of aqueous fluids (e.g., Scambelluri and Philippot 2001).
During subduction, hydrous silicates decompose to release metasomatic fluid against
the hanging wall which reduces the melting temperature of the mantle wedge, re-
sulting in the formation of arc magmas (Tatsumi, 1989). When the sub-arc mantle
produces magma near the Moho discontinuity, two liquid phases are generated: one
is arc magma, the other is water-enriched fluid, each of which may move upward
independently. Such phase separation has been experimentally demonstrated to oc-
cur at ~800-1000°C near the Moho depth, and low-frequency micro-earthquakes,
which often occur near the Moho beneath active arc volcanoes, may be related to
the phase separation and fluid activity (e.g., Hasegawa and Zhao 1994; Nakamichi
et al. 2003; Zhao et al. 2011a). Understanding the roles of magmatic, metasomatic
and metamorphic fluid factories in the subduction environment is very important for
clarifying the mechanisms of earthquake generation and rupture propagation.

The interplate megathrust zone is generally overpressured to near-lithostatic val-
ues under the forearc hanging wall, and solution migration within the fine-grained
material along the slab boundary can contribute to the hydrothermal sealing of frac-
tures, which can reduce bulk permeability (Sibson 2013). Down-dip variations in
overpressuring may affect the depth of the peak in frictional shear resistance which
may serve as the prime asperity for a megathrust earthquake. To explain the post-
seismic changes in the tomographic image of the forearc hanging-wall following
the 1995 Antofagasta megathrust earthquake (Mw 8.0), Husen and Kissling (2001)
proposed a massive trans-megathrust discharge of fluids across the slab boundary.
Such discharges are a form of fault-valve action where the megathrust itself acts
as a seal to over-pressured fluids derived from slab dehydration. Brittle failure, or
fault reactivation, limits fluid overpressure which is highest at a low differential
stress under a compressional stress regime. Following the great 2011 Tohoku-oki
earthquake, the stress regime in much of the forearc hanging-wall switched from
compressional thrusting to extensional normal faulting (e.g., Yoshida et al. 2012).
The overpressure can be reduced by a combination of poroelastic effects and fluid
loss through fault—fracture networks, which can increase postfailure permeability
in the changing stress field. Local drainage across the slab boundary can greatly
increase the frictional strength, resulting in a postfailure distribution of strength
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asperities. The time to the next great earthquake is then influenced by the recovery
of fluid overpressure and shear stress in the megathrust zone (Sibson 2013).

Fluids in the crust and uppermost mantle in all tectonic settings can affect the
long-term structural and compositional evolution of the fault zones, change the
strength of the fault zone, and alter the local stress regime (Sibson 1992, 2013;
Hickman et al. 1995). These effects can enhance the stress concentration in the
seismogenic layer, resulting in mechanical failure. In addition to structural hetero-
geneities, spatial and temporal changes in the stress field have been detected in the
source areas of some large crustal earthquakes (e.g., Katao et al. 1997; Zhao et al.
1997; Huang et al., 2011b) and megathrust earthquakes (e.g., Yoshida et al. 2012),
which were related to fluid migrations in the seismogenic zones.

These above-mentioned pieces of geophysical and geological evidence indi-
cate that the occurrence of earthquakes is not entirely a mechanical process, but is
closely associated with the physical and chemical properties of rocks in the crust
and upper mantle, and in particular, magma, fluids, etc. (Zhao et al. 2002, 2010)
The nucleation zone of a large earthquake should have a three-dimensional spatial
extent, and not be just limited to a two-dimensional fault plane. In other words, an
earthquake volume should exist, as suggested by Tsuboi (1956). Complex physical
and chemical reactions may take place in the earthquake volume, resulting in spatial
and temporal variations in the material property and stress field, which can be de-
tected and imaged by seismic tomography and other geophysical methods. The rup-
ture zones of M 6 to M 9 earthquakes have spatial extents ranging from ~ 10 to over
500 km (e.g., Beroza and Kanamori 2007). The resolution of current tomographic
models is close to that scale of earthquake sources, which has enabled seismologists
to image earthquake-related heterogeneities (i.e., earthquake volumes) in the crust
and uppermost mantle in some well-instrumented regions.

Interestingly, recent studies show that even the distribution and generation of
deep moonquakes are affected by the structural heterogeneities in the lunar mantle
(Zhao et al. 2008, 2012b), suggesting similar seismogenic processes in both the
Earth and the Moon.

All these results suggest that large earthquakes do not take place randomly in
any regions, but only in anomalous areas having significant lateral (and/or verti-
cal) heterogeneities, which can be detected by high-resolution geophysical imaging.
Combining seismic tomography with geological, geochemical and other geophysi-
cal investigations would certainly improve our understanding of the earthquake nu-
cleation process and would contribute to the reduction of seismic hazards. For this
purpose, permanent or portable seismograph stations should be deployed densely
and uniformly in seismogenic zones in future studies.

4.6 Summary

Seismic tomography studies of source areas of large earthquakes carried out to date
have shown that structural heterogeneities in the crust and upper mantle strongly
affect or control the nucleation of earthquakes in various tectonic environments. In
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particular, fluids and magmas play an important role in triggering large earthquakes.
The findings of these studies indicate that seismic tomography is a useful and pow-
erful tool for studying earthquakes and seismotectonics.

So far, many tomographic studies have been made for the source areas of large
crustal earthquakes and some intraslab earthquakes, because those areas are cov-
ered by dense seismic networks. Megathrust earthquakes have been studied using
seismic tomography in only a few regions, and none of the source zones of deep
earthquakes (>300 km depth) have been imaged by seismic tomography. This is be-
cause megathrust earthquakes occur beneath the subduction-zone forearc regions,
and deep earthquakes occur in the back-arc regions, both of which are generally
covered by oceans. Dense OBS networks are needed to image the detailed structure
in the source zones of the megathrust and deep earthquakes using seismic tomogra-
phy. Future high-resolution geophysical imaging with better data sets and improved
methods, and multidisciplinary studies of the seismogenic zones, will reveal more
details of the nucleation process of large earthquakes, which will also contribute to
the mitigation of seismic hazards.
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Chapter 5
Hotspots and Mantle Plumes

Abstract Seismic images under 62 possible hotspots are reviewed for understand-
ing the origin of hotspots and mantle plumes. Plume-like, continuous low-veloc-
ity anomalies are visible beneath Hawaii, Tahiti, Louisville, Iceland, Cape Verde,
Reunion, Kerguelen, Amsterdam, Afar, Eifel, Hainan, Yellowstone and Cobb
hotspots, suggesting that they may be 13 whole-mantle plumes originating from the
core-mantle boundary. These plumes exhibit tilted images, suggesting that plumes
are not fixed in the mantle but can be deflected by the mantle flow. Upper-mantle
plumes seem to exist beneath Cameroon, Easter, Azores, Vema, East Australia and
Erebus hotspots. A mid-mantle plume may exist under the San Felix hotspot. Active
intraplate volcanoes in Northeast Asia and Southwest China are caused by hot and
wet upwelling flows in the big mantle wedge above the stagnant slab in the mantle
transition zone. Although low-velocity zones appear at some depth under other
hotspots, their plume features are not clear. The complex images under hotspots
reflect strong lateral variations in temperature, viscosity and possibly composition
of the mantle, which control the generation and ascent of mantle plumes and the
flow pattern of mantle convection.

Keywords Hotspots * Mantle plumes - Seismic tomography - Subducting slabs -
Intraplate volcanoes

From the viewpoint of plate tectonics, there are basically two kinds of volcanoes
on Earth. One is volcanoes which are located at plate boundaries, i.e., mid-ocean
ridges and subduction zones. The other is intraplate volcanoes which are located far
away from plate boundaries, such as Hawaii and Yellowstone (Fig. 5.1). There are
some anomalously large volcanoes which are situated at or very close to mid-ocean
ridges, such as Iceland and Azores (Fig. 5.1). The intraplate volcanoes and the
anomalously large volcanoes at mid-ocean ridges are generally called hotspots. The
origins of the mid-ocean ridge volcanism and arc volcanism at subduction zones
have been generally well understood (e.g., Zhao 2001a, 2012; Stern 2002; Dunn
and Forsyth 2007), whereas the origin of hotspot volcanism is still a debatable issue
(e.g., Campbell 2007; Foulger and Jurdy 2007; Anderson 2011).

Wilson (1963) attributed the Hawaiian and some parallel Pacific island chains
to volcanism above rising currents of convection cells in the upper mantle. Morgan
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Fig. 5.1 Names and geographic locations of 62 possible hotspots (red triangles). The dashed lines
show the plate boundaries

(1971, 1972) expanded this hypothesis and proposed a plume mechanism for the
formation and sustaining of hotspots as sources of anomalous surface volcanism
(Figs. 5.2 and 5.3). According to the plume hypothesis, (i) a plume of hot buoyant
material forms from a thermal boundary layer in the deep Earth, such as the D”
layer at the bottom of the mantle; (ii) the plume rises more rapidly in its conduit than
the plume head can push through the viscous mantle, which inflates the head and
elevates Earth’s surface 1-2 km; (iii) decompression near the surface partially melts
the plume head, and the resulting magma fractures the lithosphere and rise through

Flood basalt

Fig. 5.2 Four stages of formation of a mantle plume (see fext for details). (Modified from Hum-
phreys and Schmandt 2011)
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Hotspot

AT=300K

Fig. 5.3 A sketch of what a mantle plume could look like (modified from Nataf 2000). The dashed
lines show the 410- and 660-km discontinuities and the top of the D” layer above the core-mantle
boundary (CMB). The black parts denote melts. Short lines in the mid lower-mantle and the D”
layer show the preferential alignment of minerals, which could induce seismic anisotropy. See text
for detailed description

it, eventually erupting and forming flood basalt and a large igneous province ex-
tending over a wide range around the erupting site; and (iv) the flood basalt is car-
ried away as the plume tail continues to feed a series of volcanoes which become a
hot-spot track with ages that progress monotonically (Sleep 2006; Humphreys and
Schmandt 2011). On reaching the base of the lithosphere, plume heads may reach
diameters of 500-3000 km, while plume tails are typically 100-300 km in diameter
(Fig. 5.3). Hence, hotspots are the surface manifestation of mantle plumes and are
focused zones of melting. They are characterized by high heat flow, active volca-
nism, variable topographic highs depending on the plume depth, and hotspot tracks
with the age of magmatism and deformation increasing with distance from a hotspot
(e.g., Condie 2001; Sleep 2006; Ernst 2007; Ito and van KeKen 2007; Zhao 2007).

Although the plume hypothesis is very attractive and has been widely recog-
nized, direct evidence for actual plumes is still weak, in particular, for lower mantle
plumes, and many questions remain unanswered. For example, as Nataf (2000)
asked: Do plumes actually exist? What do they look like? How wide are they?
How hot are they? Do they really rise from the core-mantle boundary (CMB)? All
of them? Are they tilted on their way up? Are there different kinds of plumes?
Hotspots and mantle plumes hold the key to some critical issues of Earth sciences,
and geologists and geophysicists have been fully aware of their importance.
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In the multidisciplinary efforts engaged to understand hotspots, the primary task
assigned to seismologists is the determination of fine structure of the crust and
mantle beneath hotspots and the detection of mantle plumes, if any (e.g., Nataf
2000; Zhao 2001b, 2007; Boschi et al. 2007; Nolet et al. 2007). This is a chal-
lenge for seismologists, because most of the hotspots are located in oceanic regions
(Fig. 5.1) where few seismic stations are available, causing difficulty to seismic
imaging. However, in the past decade significant progress has been made in seis-
mic imaging of hotspots and mantle plumes, and our knowledge on seismological
characteristics of hotspots and plumes has been improved greatly. In this chapter, I
review the major findings on this topic obtained during the past decade.

5.1 Main Features of Mantle Plumes and Hotspots

The expected main features of a mantle plume are summarized in Fig. 5.3, with
emphasis on the features that can be imaged seismologically (Nataf 2000). In the
shallow mantle, there is a wide cushion of plume material ponding beneath the
lithosphere. Studies of hotspot swells have shown that this cushion spreads laterally
over 1000 km in diameter, and is elongated in the direction of plate motion (e.g.,
Davies 1988; Sleep 1990; Ito and van KeKen 2007). The maximum temperature in
the Hawaiian and Iceland plumes at these depths is about 250 K higher than that of
normal mantle (e.g., McKenzie 1984; Watson and McKenzie 1991; Schilling 1991;
Li et al. 2000, 2003; Zhao 2001b, 2004; Allen et al. 2002; Shen et al. 2002; Wolfe
et al. 2009, 2011). In the uppermost mantle, an excess temperature of 250 K can
cause P- and S-wave velocity reductions of 2.25 and 2.75 %, respectively (Nataf and
Ricard 1996). Melt occurs down to a depth of ~120 km (e.g., Watson and McKen-
zie 1991). The radial temperature distribution in the plume can be approximated as
Gaussian. The diameter of the plume (@) is defined as twice the radius where the
temperature excess has dropped to 1/e of its maximum value A7. @ is considered to
be on the order of 150-200 km in the upper mantle. A lower-mantle plume passes
through two major seismic discontinuities at 410- and 660-km depths, which cor-
respond to phase transitions of mantle minerals (e.g., [to and Takahashi 1989; Bina
and Helffrich 1994; Helffrich 2000). Their Clapeyron slopes could be such that the
410-km discontinuity is depressed in the plume, whereas the 660-km discontinu-
ity is elevated, resulting in a thinner mantle transition zone (MTZ) (e.g., Li et al.
2000, 2003; Shen et al. 2002; Huckfeldt et al. 2013). Ponding may occur beneath
the 660-km discontinuity (dotted line in Fig. 5.3). In the lower mantle, the viscosity
is ~30 times higher than that in the upper mantle (e.g., Richards and Hager 1984;
Ricard et al. 1989; Lambeck et al. 1996; Kido and Cadek 1997). Thus the plume
should become thicker in the lower mantle, probably 500 km or greater (Albers
and Christensen 1996; Styles et al. 2011; Leng and Gurnis 2012). The temperature
increase across the D” layer above the CMB could be as high as 1000 K (Boehler
1993). The temperature excess in the plume could be on the order of 500-600 K
in the lower mantle (Albers and Christensen 1996; Farnetani 1997). Melt could be
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present both in this bottom thermal boundary layer (Williams and Garnero 1996)
and in the conduit of the plume that rises from it. If a discontinuity exists at the top
of D” (e.g., Lay and Helmberger 1983; Lay et al. 2004) and it marks the perovskite-
postperovskite phase transition, it could be deflected in the hot plume (Sidorin et al.
1999; Murakami et al. 2004; Maruyama et al. 2007). The flow of hot material is
nearly vertical everywhere in the plume, except near the top and bottom thermal
boundary layers. The flow may cause preferential alignment of mantle minerals,
which could induce seismic anisotropy (e.g., Druken et al. 2013). In addition, be-
cause the plume ascends in a mantle where large-scale convective motions are
present, the plume may be deflected by the mantle wind (e.g., Olson and Singer
1985; Richards and Griffiths 1988; Steinberger 2000; Zhao 2001b, 2007; Lei and
Zhao 2006; Zhao et al. 2013). The root of a plume can be offset horizontally up to
1500 km away from its surface expression, according to a mantle convection model
(Steinberger 2000).

The number of hotspots on Earth and that of plumes in the mantle are still un-
clear. Researchers have proposed several hotspot lists, but the number of hotspots
included on these lists exhibits large variations, e.g., 19 in Morgan (1972), 66 in
Wilson (1973), 42 in Crough and Jurdy (1980), 117 in Vogt (1981), 47 in Richards
et al. (1988), 44 in Steinberger (2000), and 60 in Zhao (2007). The hotspots on these
lists are not consistent to each other; some hotspots are included on one list but not
on another. In most cases, hotspots have well-defined tracks associated with vol-
canic ridges or lines of volcanic edifices. Some hotspots, and the tracks they have
made, appear on all lists, because they have high eruption rates in the recent past, or
because they have produced conspicuous traces, such as Hawaii, Iceland, Reunion,
Cape Verde, Kerguelen and Azores. Significant volcanic centers in continental re-
gions, such as Yellowstone and some active volcanoes in Africa, are also included
in most lists because of their similarity to the oceanic hotspots. Recently, intraplate
volcanoes in the East Asian continent and the continental margin have been paid
much attention, such as Changbai, Wudalianchi, Datong, Tengchong, Hainan, Jeju
and Ulleung, etc. (Zhao et al. 2004, 2009; Lei and Zhao 2005; Lei et al. 2009a, b;
Zhao and Liu 2010; Zhao and Tian 2013). Hence, they are also included on the pres-
ent list of 62 intraplate volcanoes (Table 5.1).

Zhao (2007) presented whole-mantle tomographic images beneath 60 possible
hotspots using a global P-wave tomographic model. Four vertical cross-sections
of tomographic images were made for each hotspot, which are oriented E-W, N-S,
N45°W-S45°E and S45°W-N45°E directions. Considering the possibility of plume
deflection by mantle flow (e.g., Zhao 2001b, 2004), among the four cross sections,
one that exhibits a plume-like low-velocity (low-V) feature most clearly was ad-
opted. The results (Zhao 2007) are shown in Figs. 5.4, 5.5, 5.6, 5.7 and 5.8. Zhao
et al. (2013) used their new global tomography model to examine the seismic struc-
ture under the hotspots, and obtained similar results as Zhao (2007). Because of
the lower spatial resolution of the global tomographic models as compared with
the diameter of the plumes (~ 100 km in the upper mantle to ~500 km in the lower
mantle), low-V anomalies associated with the thermal plumes may not be detected
by the global tomography, in particular, in regions where the ray path coverage
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Table 5.1 List of 62 hotspots and plume features beneath them according to results of seismic
tomography, receiver-functions, geochemistry and petrologically determined mantle potential
temperatures

No. | Name Location Low-V zone depths Plume feature
1 Hawaii 19.4°N 155.3°W | whole mantle 1, WM plume
2 Samoa 15.0°S 168.0°W | UM, TZ, ULM 3

3 Tahiti 17.9°S 148.1°W | whole mantle 1, WM plume
4 Pitcairn 25.0°S 130.1°W | MM, D” 3

5 MacDonald 29.0°S 140.2°W | MM, D” 3

6 Easter 27.1°S 109.3°W UM, LM 2, UM plume
7 Marquesas 11.0°S 138.0°W | whole mantle 1, WM plume
8 Louisville 51.0°S 138.0°W | whole mantle 2, WM plume
9 Caroline 5.0°N 164.0°E UM, MM, LW, D” 3

10 San Felix 26.0°S 80.0°W UM, TZ, MM 2, MM plume
11 Juan Fernandez 33.5°S 82.0°W UM, ULM 3

12 Galapagos 0.4°S 91.5°W UM, MM 2, LM plume

13 Jan Mayen 71.1°N 8.2°W whole mantle 1, WM plume
14 Iceland 65.0°N 19.0°W whole mantle 1, WM plume
15 Azores 38.5°N 28.4°W UM, TZ, D” 1, UM plume
16 Bermuda 32.0°N 65.0°W UM, TZ, ULM 3

17 New England 30.0°N 28.0°W TZ, LM 3

18 Madeira 33.0°N 17.0°W ULM, D” 4

19 Canary 28.0°N 18.0°W TZ, ULM, LM 2, WM plume
20 Cape Verde 15.0°N 24.0°W whole mantle 1, WM plume
21 Fernando 4.0°S 32.5°W UM, ULM, D” 3

22 Ascension 8.0°S 15.0°W UM, TZ, LM 3

23 St. Helena 16.0°S 6.0°W UM.TZ, LM 3

24 Arnold 18.0°S 25.0°W TZ, MM, LM 3

25 Trindade 20.5°S 28.8°W MM, LM 3

26 Tristan 37.0°S 14.0°W TZ, LM 3

27 Discovery 42.0°S 0.0°E LM, D” 3

28 Vema 31.5°S 8.5°E UM, TZ, LM 2, UM+MTZ

plume

29 Bouvet 54.5°S 3.5°E LM 3

30 Meteor 52.0°S 1.0°E LM 3

31 Comores 11.8°S 43.3°E UM, TZ, ULM 3

32 Reunion 21.2°S 55.7°E UM, TZ, LM, D” 2, WM plume
33 Kerguelen 49.0°S 69.0°E whole mantle 1, WM plume
34 Amsterdam 38.0°S 77.5°E whole mantle 2, WM plume
35 Crozet 47.0°S 52.0°E MM, LM 4

36 Marion 46.9°S 37.8°E LM 4
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No. | Name Location Low-V zone depths Plume feature
37 Afar 12.0°N 42.0°E whole mantle 1, WM plume
38 Lake Victoria 3.0°S 36.0°E UM, TZ 3
39 Cameroon 4.2°N 9.2°E UM 1
40 Tibesti 21.0°N 17.0°E TZ, LM, D” 3
41 Darfur 13.0°N 24.0°E TZ, LM, D” 3
42 Hoggar 23.0°N 6.0°E MM, LM 4
43 East Africa 6.0°N 34.0°E UM, TZ, MM, D” 3
44 Lord Howe 32.0°S 159.0°E UM, TZ, ULM, D” 3
45 East Australia 38.0°S 143.0°E UM, TZ 2, UM plume
46 Tasmania 39.0°S 156.0°E UM, TZ 3
47 Eifel 50.0°N 7.0°E UM, LM, D” 2, WM plume
48 Hainan 20.0°N 110.3°E UM, TZ, LM 2, WM plume
49 Yellowstone 44.6°N 110.5°W | UM, TZ, LM 1
50 Raton 37.0°N 104.0°W | UM, ULM 3
51 Bowie 53.0°N 135.0°W | UM, ULM, MM, D” 3
52 Cobb 46.0°N 130.0°W | UM, ULM, LM 2, WM plume
53 Baja 27.0°N 113.0°W | UM, ULM, D” 3
54 Socorro 18.7°N 111.0°W | UM, LM 3
55 Balleny 66.8°S 163.3°E TZ, LM 3
56 Mt. Erebus 78.0°S 167.0°E UM, TZ 1, UM plume
57 Changbai 42.0°N 128.1°E UM 1, slab-related
58 Waudalianchi 48.7°N 126.1°E UM 1, slab-related
59 Datong 40.0°N 113.3°E UM, MTZ, MM 2, slab-related &

MM plume
60 Tengchong 25.3°N 98.5°E UM 1, slab-related
61 Jeju 33.5°N 126.7°E UM 1, slab-related
62 Ulleung 37.5°N 130.9°E UM 1, slab-related

Low-V low-velocity, UM upper mantle (<410 km), 7Z transition zone (410-660 km), ULM
upper part of the lower mantle, MM mid mantle, LM lower mantle, D" lowermost mantle, WM
whole mantle
Plume feature: / good, 2 fair, 3 poor, 4 bad

is not good enough. Hence, in this chapter I also present high-resolution local or
regional tomographic images beneath some hotspots where such high-resolution
models are available. Based on these tomographic images and other information,
such as seismic receiver-function results (e.g., Li et al. 2003; Deuss 2007; Tauzin
et al. 2008) and geochemical and petrologic findings (e.g., Courtier et al. 2007), I
discuss the origin of the 62 volcanoes (Table 5.1) and whether mantle plumes exist

beneath them, following the general approach of Zhao (2007).
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Fig. 5.4 Vertical cross-sections of whole-mantle P-wave tomography from the surface down to
the core-mantle boundary (CMB) beneath 12 hotspot volcanoes in the Pacific Ocean. Locations of
the hotspots are shown in Fig. 5.1. Names of the hotspots (triangles) are shown atop each cross-
section. The red and blue colors denote slow and fast velocities, respectively. The velocity per-
turbation scale is shown at the bottom. The white dots denote earthquakes (M >4.0) that occurred
within a 100-km width of each profile during 1964 to 1998. (Modified from Zhao 2007)
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Fig. 5.5 The same as Fig. 5.4 but for 12 hotspot volcanoes in the Atlantic Ocean. (Modified from
Zhao 2007)

5.2 Pacific Hotspots

Beneath the classical hotspot, Hawaii, a large low-V zone is visible in the upper
mantle (Fig. 5.4). A narrow low-V zone appears at depths of 670—1500 km under
Hawaii, and it is connected with a large low-V zone from 2000 km depth to the CMB
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Fig. 5.6 The same as Fig. 5.4 but for 12 hotspot volcanoes in the Atlantic Ocean and the Indian
Ocean. (Modified from Zhao 2007)

north of Hawaii, which looks like a tilting plume feeding the Hawaiian hotspot. This
result is consistent with a diffraction tomography (Ji and Nataf 1998). The Hawai-
ian plume is better imaged as a whole-mantle plume using both the mantle and core
phase data (Lei and Zhao 2006) (Fig. 5.9). High-resolution local tomography using
teleseismic data recorded by a large aperture network of ocean bottom seismome-
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Fig. 5.7 The same as Fig. 5.4 but for 12 hotspot volcanoes in continents or continental margins.
(Modified from Zhao 2007)

ters (OBSs) deployed around the Hawaiian Islands has imaged the Hawaiian plume
more clearly down to a depth of 1800 km (Wolfe et al. 2009, 2011). Significant
thinning of the MTZ also suggests a lower-mantle origin of the Hawaiian plume
(e.g., Lietal. 2000; Wolbern et al. 2006; Huckfeldt et al. 2013). Receiver functions
have been used to image the base of a melt-rich zone located 110-155 km beneath
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Hawaii, and it is found that this melt-rich zone is deepest 100 km west of Hawaii,
implying that the plume impinges on the Pacific plate there and causes melting at
greater depths in the mantle, rather than directly beneath the island (Rychert et al.
2013). The petrologically determined mantle potential temperature (PMPT) under
Hawaii is also higher than that of the global average (Courtier et al. 2007). From
these results, it is reasonable to believe that the Hawaiian hotspot is caused by a
whole-mantle plume originating from the CMB.

A recent geochemical study found that the mantle sources of Hawaiian volca-
noes contain a significant amount of ancient recycled oceanic crust with a factor of
~2 increase from ~8-16% at Loihi and Kilauea to ~15-21% at Mauna Loa and
Koolau (Pietruszka et al. 2013). The chemical heterogeneity in the Hawaiian plume
results from melting of a package of recycled oceanic crust that was altered by in-
teraction with seawater or hydrothermal fluids prior to being variably dehydrated
during subduction. The recycled oceanic crust in the mantle source of Loihi and
Kilauea lavas is dominated by the uppermost portion of the residual slab, whereas
that of Mauna Loa and Koolau lavas is dominated by the lowermost portion of
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Fig. 5.9 Map views of P-wave tomography at different depths in the mantle beneath Hawaii (mod-
ified from Lei and Zhao 2006). The layer depth is shown on the left of each map. The red and blue

colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown on
the right

the residual slab. The present distribution of compositional heterogeneities in the
Hawaiian plume cannot be explained by either a large-scale bilateral asymmetry or
radial zonation. Instead, the mantle source of the active Hawaiian volcanoes may
be heterogeneous on a small scale with a NW-SE oriented spatial gradient in the
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amount, type and extent of dehydration of the ancient recycled oceanic crust (Pi-
etruszka et al. 2013).

Farnetani and Hofmann (2009, 2010) conducted high-resolution 3-D numerical
simulations to investigate the detailed internal structure of the Hawaiian plume.
They linked geochemical observations of surface lavas to fluid dynamic simula-
tions to quantify the flow trajectories of upwelling geochemical heterogeneities and
their sampling by volcanoes. Their results suggest that vigorous plumes are able
to sample, and to bring side by side, very distant portions of their source region.
Using numerical models, Ballmer et al. (2013) predicted that a hot, compositional
heterogeneous mantle plume containing a denser eclogite component tends to pool
at ~300—410 km depth before rising to feed a shallower sublithospheric layer. They
found that this double-layered structure of a thermochemical plume is more con-
sistent with the tomographic images at Hawaii (Wolfe et al. 2009, 2011) than the
classic plume model. The thermochemical structure as well as time dependence of
plume material rising from the deeper into the shallower layer can further account
for the observed long-term fluctuations in volcanic activity and asymmetry in ba-
thymetry, seismic structure, and magma chemistry across the hotspot track (Ballmer
et al. 2013).

Six hotspots (Samoa, Tahiti, Pitcairn, MacDonald, Easter, and Marquesas) exist
in the South Pacific superswell (McNutt 1998; Fig. 5.1). Under the superswell a
huge slow anomaly (>2000 km wide) is visible in the entire mantle (Fig. 5.4), which
represents the Pacific superplume (Maruyama 1994; Zhao 2001b, 2004; Montelli
et al. 2006; Maruyama et al. 2007; Davies et al. 2012; Zhao et al. 2013). The center
of the superplume is located directly beneath Tahiti (Society Island) and Marquesas.
Other four hotspots are located at the edges of the superplume (Fig. 5.4). In the up-
per mantle and the MTZ southwest of the Samoa hotspot, the subducting Tonga slab
is clearly imaged as a high-velocity (high-V) zone. Intermediate-depth and deep
earthquakes occur actively within the Tonga slab (Fig. 5.4). The seismic structure
of the upper and middle mantle under the Pacific superswell has been better imaged
using local OBS data (Suetsugu et al. 2009; Tanaka et al. 2009a, b), which indicates
that large-scale low-V anomalies (on the order of 1000 km in diameter), reflecting
the Pacific superplume, are located from the CMB to 1000 km depth, and small-
scaled low-V anomalies (on the order of 100 km in diameter) are present above
it. The superplume may be a hot and chemically distinct mantle dome, while the
small-scale anomalies may be narrow plumes generated from the top of the dome
(Suetsugu et al. 2009). Under the hotspots in the South Pacific superswell, the MTZ
is generally thinner than that of the global average (Niu and Inoue 2000; Li et al.
2003; Deuss 2007; Suetsugu et al. 2009), and the PMPT is generally higher (Court-
ier et al. 2007). A recent receiver-function study has also detected a thinner MTZ
beneath the Easter hotspot (Haldar et al. 2014).

Huang et al. (2011) suggested that geochemical zoning is a common feature of
mantle plumes beneath the Pacific plate, and the pattern repeats between island
chains. They also inferred that isotopically enriched material is preferentially dis-
tributed in the lower mantle of the Southern Hemisphere, within the large low-V
zone under South Pacific. Geochemical data for submarine lavas from the Samoan
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region have suggested that a deep mantle plume generated the shield stage volca-
nism in Samoa (Jackson et al. 2010). Konter and Jackson (2012) found that their
new data obtained on Samoa are unusually enriched isotopically and indicate a rela-
tively voluminous rejuvenated stage compared to other intraplate volcanoes. Their
results suggest that the location of Samoa near the Tonga Trench terminus causes
plate flexure resulting in upward flow of the shallow mantle driving partial melting.
The flexural melting and metasomatism of the Samoan lithosphere may have gener-
ated the voluminous and geochemically distinct Samoa rejuvenated lavas, implying
that the lithosphere may play an important role during late stage in non-Hawaiian
hotspots. Shimoda et al. (2011) also pointed out the importance of tectonic influ-
ence on chemical composition of ocean island basalts in the West and South Pacific
and the existence of upward flow of material from the deep mantle under the South
Pacific superswell.

The Louisville hotspot (Fig. 5.1) has a 4300 km long hotspot track in the South
Pacific, consisting of at least 65 major volcanoes, but the exact location of the sur-
face hotspot is still uncertain (Condie 2001). A significant shift occurs between the
surface hotspot and plume-like low-V zones in the upper and lower mantle (Fig. 5.4
Louisville). This may suggest that the real location of the Louisville hotspot may be
~700 km southeast of its location shown here (51°S, 138°W) which is taken from
the hotspot list of Steinberger (2000).

The seismic image under the Caroline hotspot is complex (Fig. 5.4). The veloc-
ity is lower in the upper mantle down to 410 km depth, and two significant low-V
zones appear in the lower mantle on the southeastern side, but high-V zones are
visible in MTZ and lower mantle on the northwestern side.

The three hotspots close to Australia, Lord Howe, East Australia, and Tasmania,
seem to have the same origin (Fig. 5.7). Low-V zones exist in the upper mantle and
the MTZ beneath the three hotspots, hence they may be caused by an upper-mantle
process.

Similar seismic images appear beneath the San Felix and Juan Fernandez
hotspots (Fig. 5.4). The subducting Nazca slab under western South America is
clearly imaged as a high-V zone, and intermediate-depth earthquakes occur within
the slab. Low-V zones exist under the two hotspots down to about 1000 km depth,
which seem to connect with a large low-V zone in the lower mantle beneath the sub-
ducting Nazca slab. The MTZ is thicker under San Felix (Deuss 2007). The PMPT
is higher under the Juan Fernandez hotspot.

Beneath the Galapagos hotspot, significant low-V zones exist in the upper and
lower mantle, but the image is complex and a plume signature is not clear (Fig. 5.4),
probably due to the lower resolution of the tomographic model there (Zhao 2007).
Villagomez et al. (2014) presented a local tomography of the upper 300 km of the
mantle beneath the Galapagos Archipelago. They revealed a low-V anomaly, in-
dicative of an upwelling plume, which tilts towards the mid-ocean ridge at depths
well below the lithosphere. This feature of the plume-ridge connection beneath the
Galapagos Archipelago is consistent with the presence of multiple stages of partial
melting, melt extraction, and melt remixing within the plume and surrounding man-
tle. These processes affect the viscosity of the asthenosphere, alter the upwelling



154 5 Hotspots and Mantle Plumes

plume and influence the compositions of surface lavas. Their results imply that the
coupling between the oceanic plate and plume upwelling beneath the Galapagos is
weak, and multistage melting may similarly affect the geophysical and geochemical
characteristics of other hotspots (Villagomez et al. 2014). Rychert et al. (2014) used
teleseismic receiver functions to image the crustal and upper mantle structure un-
der the Galapagos Archipelago. They revealed lateral depth variations of the Moho
and the lithosphere—asthenosphere boundary, possibly illuminating multiple plume
diversions related to complex plume-ridge interactions. The MTZ is anomalously
thin (Hooft et al. 2003) and the PMPT is slightly higher (Courtier et al. 2007) under
the Galapagos, suggesting that a lower-mantle plume may exist there.

5.3 Atlantic Hotspots

Similar tomographic images are obtained beneath the Jan Mayen and Iceland
hotspots (Fig. 5.5). Plan views and other vertical cross-sections show that the low-
V zones under the two hotspots are connected, suggesting that they may be fed
by the same plume. Extensive local tomography studies imaged the Iceland plume
more clearly in the upper mantle (e.g., Wolfe et al. 1997; Foulger et al. 2000; Allen
et al. 2002; Hung et al. 2004). Global tomography suggests that the Iceland plume
originates from the CMB (e.g., Bijwaard and Spakman 1999; Zhao 2001b, 2007,
Montelli et al. 2006; Zhao et al. 2013). A recent regional S-wave tomography down
to 1300 km depth under the North Atlantic region shows a lower-mantle source
for the Iceland and Jan Mayen hotspots (Rickers et al. 2013). A lower-mantle or
CMB origin of the Iceland plume is also supported by waveform modeling and
receiver-function studies (e.g., Helmberger et al. 1998; Shen et al. 2002; Lawrence
and Shearer 2006).

A significant low-V zone is revealed in the upper mantle and MTZ beneath the
Azores hotspot (Fig. 5.5), which is consistent with local and regional tomography
results (Silveira et al. 2006; Yang et al. 2006). However, the connection of the upper-
mantle low-V zone to the low-V zones in the lower mantle is not apparent (Fig. 5.5).
A recent receiver-function image shows a low-V zone down to ~200 km depth and
another low-V zone at 460—500 km depth, which may correspond to the source of a
plume which generated the Azores hotspot. Receiver-function studies show an aver-
age MTZ thickness under Azores (Li et al. 2003; Deuss 2007; Silveira et al. 2010).
These results suggest that the Azores hotspot may be fed by an upper-mantle plume.

Two low-V zones appear in the mantle under the Canary hotspot (Fig. 5.5). One
is in the upper mantle and it extends down to ~ 1500 km depth, the other is visible
from ~2200 km depth to the CMB. The two low-V zones seem to be connected by
a weak slow anomaly in the mid mantle (Fig. 5.5 Canary). The MTZ is thinner (Li
et al. 2003; Deuss 2007) and the PMPT is higher (Courtier et al. 2007) beneath Ca-
nary. However, a recent receiver-function study revealed a low-V zone in the upper
mantle under the Canary hotspot, without a thermal anomaly perturbing the MTZ
discontinuities (410 and 660 km) (Martinez-Arevalo et al. 2013). Another receiver-



5.3 Atlantic Hotspots 155

function result shows evidence for magmatic underplating and partial melt beneath
the Canary Islands (Lodge et al. 2012).

Prominent low-V zones exist in the whole mantle under the Cape Verde hotspot,
though the image is a little complex (Fig. 5.5). Crustal and lithospheric structure
beneath the Cape Verde archipelago has been investigated using seismic and gravity
data (e.g., Lodge and Helffrich 2006; Pim et al. 2008; Wilson et al. 2010). A recent
3-D gravity model shows a high-density volume down to 8 km depth under Maio
island of Cape Verde archipelago, which may represent a magma chamber (Repre-
sas et al. 2012). Helffrich et al. (2010) find a normal MTZ thickness under the
Cape Verde hotspot using receiver functions at eight seismic stations. Vinnik et al.
(2012) used receiver functions at tens of seismic stations and find that the MTZ
under Cape Verde is thinned by up to ~30 km as compared with that in the ambi-
ent mantle, which is a combined effect of a depression of the 410-km discontinuity
and an uplift of the 660-km discontinuity, suggesting that the Cape Verde plume
has a lower-mantle origin, being consistent with the tomographic image (Fig. 5.5).
Recently, Liu and Zhao (2014) determined P and S wave tomography of the upper
mantle beneath the Cape Verde hotspot using arrival-time data measured precisely
from three-component seismograms of 106 teleseismic events recorded by a local
seismic network. Their results show a prominent low-V anomaly imaged as a con-
tinuous column of <100 km wide from the Moho down to ~500 km depth under
Cape Verde, especially beneath the Fogo active volcano which erupted in 1995
(Fig. 5.10). The low-V anomaly may reflect a hot mantle plume feeding the Cape
Verde hotspot (Liu and Zhao 2014).

Complex low-V zones exist in the mantle under the Bermuda hotspot (Fig. 5.5).
A whole-mantle tomographic image along a profile passing through the North
American continent and the Bermuda hotspot (Fig. 5.11) shows that the old Faral-
lon slab is descending down to the deep lower mantle, and low-V anomalies exist
above the slab. Multidisciplinary studies of subduction zones find that, due to the
subduction of the oceanic slab, hot upwelling occurs in the mantle wedge above the
subducting slab, causing arc and back-arc magmatism and volcanism (e.g., Zhao
2012). Similar processes may have taken place under the Bermuda hotspot which
may be caused by hot upwelling from the lower mantle associated with the deep
subduction of the Farallon slab (see also Vogt and Jung 2007). The MTZ has a
normal thickness under Bermuda (Deuss 2007), but this result was obtained using
long-period SS precursors and so has a lower resolution, thus a narrow plume fea-
ture might not be detected.

Beneath the other Atlantic hotspots (New England, Madeira, Fernando, Ascen-
sion, St. Helena, Arnold, Trindade, Tristan, Discovery, Bouvet, and Meteor), slow
anomalies are generally imaged in the lower mantle under the hotspots, but plume-
like low-V zones connecting the surface hotspots with the lower-mantle slow
anomalies are not well revealed in the upper mantle and/or MTZ by the global
tomography (Figs. 5.5 and 5.6). Receiver-function results of Li et al. (2003) show
that the MTZ is normal beneath St. Helena, whereas it is thinner and warmer under
the Ascension hotspot which is closer to the Mid Atlantic Ridge (Fig. 5.1). A recent
receiver-function study also detected a thinner MTZ beneath the Ascension hotspot
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Fig. 5.10 Vertical cross-sections of P- and S-wave tomography along the three profiles shown
in the inset map (Liu and Zhao 2014). The red and blue colors denote low and high velocities,
respectively. The velocity perturbation scale (in %) is shown at the bottom. The red triangles
denote the Fogo volcano which erupted in 1995. The two dashed lines show the Moho and the
410-km discontinuities

(Haldar et al. 2014). The long-period results of Deuss (2007) show that the MTZ is
thinner beneath New England and Discovery, whereas the MTZ is normal beneath
Fernando.

Beneath the Vema hotspot which is located close to South Africa, a strong low-V
zone is revealed in the upper mantle and MTZ, and another low-V anomaly appears
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Fig. 5.11 East-west vertical cross-section of whole-mantle P-wave tomography (modified from
Zhao 2004). Location of the cross-section is shown in the inset map. The red and blue colors
denote slow and fast velocities, respectively. The velocity perturbation scale is shown above the
map. The triangles denote the hotspot volcanoes. The two solid lines denote the 410- and 660-km
discontinuities

in the deep lower mantle, but the two low-V zones are separated by a high-V zone
beneath the 660 km discontinuity (Fig. 5.6). The MTZ is quite thin under the Vema
hotspot (Deuss 2007).

5.4 Indian Ocean Hotspots

Beneath the Kerguelen hotspot a plume-like low-V zone is clearly visible in the
entire mantle (Fig. 5.6). The root of the low-V zone is located at the CMB north-
west of the surface hotspot. The Kerguelen hotspot has produced basalt for about
130 Ma, among the longest known volcanic records from a single source. Using ra-
diometric dates and crustal structure determined from geophysical data and drilling
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results, Coffin et al. (2002) calculated the magmatic output of the Kerguelen hotspot
through time and suggested two possible origins of the Kerguelen magmatism. One
is that the magmatism does not arise from a single source, but from multiple plume
sources. The other possibility is that a single plume source accounts for the mag-
matic products attributed to the Kerguelen plume, but the vigorous mantle circula-
tion during Early Cretaceous time resulted in strong mantle shear flow that split the
initial Kerguelen plume conduit into several diapirs of varying sizes, buoyancies,
and mantle ascent rates. The tomographic image (Fig. 5.6) suggests that the Ker-
guelen hotspot was caused by a single plume. The MTZ is thinner under Kerguelen
(Deuss 2007). Beneath Heard Island which lies on the Kerguelen Plateau, the MTZ
is thinner and the PMPT is higher (Courtier et al. 2007). All these results indicate
that the Kerguelen plume has a lower-mantle origin.

The Amsterdam hotspot is underlain by a plume-like slow anomaly in the entire
mantle west of its surface location (Fig. 5.6).

Beneath the Reunion hotspot, a low-V zone exists in the upper mantle and the
MTZ, and two low-V zones are visible in the lower mantle, but the plume signature
is not so clear as that beneath the Kerguelen hotspot (Fig. 5.6). The long-period SS
reflection results show that the MTZ beneath Reunion is slightly thicker than that of
the global average (Deuss 2007).

Widespread low-V anomalies are visible down to the mid mantle beneath the
Comores hotspot (Fig. 5.6). The MTZ is slightly thinner under this hotspot (Deuss
2007).

Low-V zones exist in the lower mantle under the Marion and Crozet hotspots, but
high-V anomalies appear in the upper 1000 km beneath the two hotspots (Fig. 5.6).
The MTZ has a normal thickness under Crozet (Deuss 2007). A recent study re-
vealed geochemical heterogeneities within the Crozet hotspot (Breton et al. 2013).
The geochemical variability observed among the Crozet basalts reflects two main
processes. The variation in terms of major and trace element concentrations comes
from the accumulation and removal of olivine and clinopyroxene to the parental
magma, whereas the variation in isotope ratios and trace element ratios reflects the
heterogeneity of the deep mantle material feeding the Crozet hotspot (Breton et al.
2013).

5.5 African Hotspots

Significant low-V features are generally revealed in the mantle beneath the African
hotspots (Fig. 5.7), which are associated with the African superplume (Maruyama
1994; Ritsema et al. 1999; Zhao 2001b, 2004; Montelli et al. 2006; Chang and Van
der Lee 2011; Davies et al. 2012; Hansen et al. 2012; Brandt 2013; Mulibo and
Nyblade 2013; Zhao et al. 2013). Large low-V zones are visible from the surface
down to about 1000 km under the Afar, Lake Victoria, and East Africa hotspots,
which seem to connect with the low-V zones in the lower mantle (Fig. 5.7). Re-
ceiver-function analyses revealed a thermal anomaly in the upper mantle under East
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Africa which is interpreted as a plume head under the lithospheric keel of the Tan-
zania craton (Nyblade et al. 2000; Huerta et al. 2009). The MTZ is thinner beneath
Comores, Darfur and East Africa (Li et al. 2003; Deuss 2007).

Local tomography revealed upper-mantle low-V zones under the Afar hotspot,
the northern Ethiopian rift, and the western branch of the East African rift (Bastow
et al. 2005; Benoit et al. 2006; Jakovlev et al. 2013). Pieces of low-V zones exist
in the upper and lower mantle under the Tibesti, Cameroon, Darfur, and Hoggar
hotspots, whereas high-V zones exist in the upper mantle and the uppermost part
of the lower mantle under the Hoggar and Cameroon hotspots (Fig. 5.7). High-
resolution local P and S wave tomography shows a low-V zone in the upper mantle
extending down to 500 km depth under the Cameroon Volcanic Line (Reusch et al.
2010). The MTZ exhibits a normal thickness beneath Cameroon (Reusch et al.
2011). These results suggest that the Cameroon hotspot is caused by upper-mantle
processes such as an edge flow convection cell in the upper mantle along the north-
western side of the Congo Craton lithosphere (Reusch et al. 2011).

Mulibo and Nyblade (2013) determined P and S wave tomography under East
Africa down to 1200 km depth (Fig. 5.12). Their images show a low-V anomaly
well developed at 100-200 km depths beneath the Eastern and Western branches of
the Cenozoic East Africa rift system and northwestern Zambia, and a high-V zone
at depths <350 km beneath the central and northern parts of the East African Plateau
and the eastern and central parts of Zambia. At depths >350 km the low-V zone is
most prominent under the central and southern parts of the East African Plateau
and dips to the southwest beneath northern Zambia, extending down to ~900 km
depth. The excess temperature in the low-V zone is ~150-300 K. The depth extent
of the low-V anomaly indicates that the African superplume is likely a whole mantle
structure. A superplume extending from the CMB to the surface implies an origin
for the Cenozoic extension, volcanism and plateau uplift in eastern Africa rooted in
the dynamics of the lower mantle (Mulibo and Nyblade 2013).

Hilton et al. (2011) reported helium isotope ratios of lavas and tephra of the Run-
gwe Volcanic Province in southern Tanzania. Values as high as 15 RA far exceed
typical upper mantle values, which are attributed to the African superplume (Hilton
etal. 2011).

Steinberger (2000) calculated the motion of hotspots in East Africa and the de-
formation of their underlying plume conduits using models of global mantle flow
and suggested the presence of a comparatively broad upwelling rather than local-
ized plumes. This simulation result may explain the large and complex geometry of
the low-V zones as imaged beneath the African hotspots (Fig. 5.7).

5.6 European Hotspot

Plume-like low-V zones are clearly visible in the upper and lower mantle under the
Eifel hotspot in Europe, though a high-V zone exists in the MTZ (Fig. 5.7). This im-
age is similar to that from other global tomography models (e.g., Goes et al. 1999).
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Fig. 5.12 (a) Map view of P-wave tomography at a depth of 100 km beneath East Africa.
(b, ¢) Vertical cross-sections of P-wave tomography. Locations of the cross-sections are shown in
(a). The red and blue colors denote slow and fast velocities, respectively. The velocity perturba-
tion scale is shown below (a). The surface topography is shown above the vertical cross-section.
(Modified from Mulibo and Nyblade 2013)

High-resolution local tomography (e.g., Ritter et al. 2001; Keyser et al. 2002;
Mathar et al. 2006; Ritter 2007) has imaged the Eifel plume in the upper mantle
very clearly, which has a diameter of 50—100 km (Fig. 5.13).

Receiver-function analyses revealed detailed structures of the Moho and the
MTZ discontinuities beneath the Eifel hotspot (Budweg et al. 2006; Weber et al.
2007). The average Moho depth is ~30 km in the Eifel region, thinning to ~28 km
under the Eifel volcanic fields. The receiver-function images show a low-V zone
at depths of 60-90 km under West Eifel, which is consistent with the P and S wave
velocity and attenuation tomography results (Ritter 2007). There is a zone of in-
creased velocity near 200 km depth, being consistent with S-wave and attenuation
tomographic results. However, this anomaly is invisible in P-wave tomography,
which may be caused by S-wave anisotropy that compensates for elevated tempera-
tures. All the three receiver-function anomalies, at the Moho, at 60-90 km and near



5.6 European Hotspot 161

Eifel

Depth [km]

200 gL - o Lk g ors s
P-wave velocity perturbation [%]

Fig. 5.13 North-south (a) and east-west (b) vertical cross-sections of P-wave tomography beneath
the Eifel hotspot (modified from Ritter et al. 2001). The red and blue colors denote slow and fast
velocities, respectively. The velocity perturbation scale is shown at the bottom. The dashed line
denotes the 410 km discontinuity. MTZ, the mantle transition zone

200 km depths, have a lateral extent of ~ 100 km, possibly reflecting the diameter of
the Eifel plume in the upper mantle.

The aperture of the Eifel seismic network limits the resolution of tomography
to the upper 400 km depth (Ritter 2007), whereas the receiver-function method can
resolve deeper structures (Weber et al. 2007). The 410-km discontinuity under the
Eifel is depressed by 15-25 km, which can be explained by a maximum temperature
increase of 200-300 K. The receiver-function analysis also revealed two additional
seismic wave conversions between 410 and 550 km depth, which may represent
remnants of previous subduction or anomalies due to delayed phase changes (Weber
et al. 2007). The lateral extent of the two additional conversions and the depression
of the 410-km discontinuity is ~200 km. The 660-km discontinuity does not show
any depth deviation from its expected value.

Based on the tomography and receiver-function observations, Weber et al. (2007)
proposed the following scenario for the Eifel plume. The plume has a temperature
200-300 K higher than the surrounding mantle. The Eifel plume, now residing in
the upper mantle, might be originally connected to a larger plume in the lower
mantle under Central Europe (Goes et al. 1999; Zhao 2007) and was sheared from
its deep root, e.g., by closing of the Tethys ocean.
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5.7 North American Hotspots

The global tomography (Zhao 2007) shows that beneath the Yellowstone and Ra-
ton hotspots, low-V zones exist in the upper and lower mantle, but not in the MTZ
(Fig. 5.8). Slow anomalies under Yellowstone was imaged down to 300 km depth in
the upper mantle by earlier local tomography studies (e.g., Saltzer and Humphreys
1997; Waite et al. 2006). In the past a few years, many tomographic models of the
western United States (U.S.) have been determined using the data recorded by the
dense USArray transportable seismic network, which shed new light on the origin
of the Yellowstone hotspot (e.g., Humphreys and Schmandt 2011; Becker 2012;
Schmandt et al. 2012; Tian and Zhao 2012 and references therein). Figure 5.14
shows P-wave velocity images under the Yellowstone hotspot from one of the tomo-
graphic models determined using the USArray data (Tian and Zhao 2012). Promi-
nent low-V anomalies are imaged at depths of 0 to 200 km beneath the Snake River
Plain, which may represent a small-scale convection beneath the western U.S. The
low-V structure deviates variably from a narrow vertical plume conduit extending
down to ~ 1000 km depth, suggesting that the Yellowstone plume has a lower-man-
tle origin. This result is generally consistent with other tomographic models of the
western U.S. obtained using the US Array data (see Becker 2012 for a review). Ex-
periments with a laboratory model support the presence of the Yellowstone plume
in the northwestern U.S., and also highlight the power of plume-subduction interac-
tions to modify surface geology at convergent plate margins (Kincaid et al. 2013).

The Bowie and Cobb hotspots are located close to the western coast of Canada
(Fig. 5.1), and they are not spectacular hotspots. The tomographic image beneath
the Bowie hotspot looks complex: low-V zones are visible in the upper mantle and
below the 660 km discontinuity, and a large low-V zone exists from 1300 km depth
to the CMB (Fig. 5.8). A seismic array study detected a low-V zone beneath Bowie
at a depth of ~700 km (Nataf and VanDecar 1993), being consistent with the to-
mographic image. Low-V zones are also visible in the upper mantle and below
the 660 km discontinuity under Cobb, and a dipping low-V zone is revealed from
~500 km depth to the CMB southwest of Cobb, which looks like a plume feeding
the Cobb hotspot (Fig. 5.8).

Significant but complex low-V zones are visible in the mantle beneath Baja
(Fig. 5.8). Beneath the Socorro hotspot, the seismic velocity is low from the surface
to 200 km depth, and a tilted low-V zone exists in the lower mantle. However, the
two low-V zones are separated by a high-V anomaly in the MTZ (Fig. 5.8).

The MTZ is generally thinner than the global average beneath the Raton, Baja
and Bowie hotspots (Deuss 2007).
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Fig. 5.14 Vertical cross-sections of P-wave tomography beneath the Yellowstone hotspot (modi-
fied from Tian and Zhao 2012). Locations of the cross-sections are shown in the inset map. The
red and blue colors denote slow and fast velocities, respectively. The velocity perturbation scale
is shown at the bottom. The two thin lines denote the 410- and 660-km discontinuities. MTZ, the
mantle transition zone
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5.8 Antarctic Hotspots

Low-V zones are revealed at depths of 700-2000 km under the Balleny hotspot
(Fig. 5.8). A prominent low-V zone exists in the upper mantle under Mt. Erebus,
which looks like an upper-mantle plume (Fig. 5.8). Kobayashi and Zhao (2004)
used surface-wave tomography to study the structure of the Antarctic region and
revealed significant low-V anomalies in the upper mantle under the Balleny and
Erebus hotspots.

High-resolution local tomography of the upper mantle beneath the Erebus hotspot
is determined using teleseismic data recorded by a portable seismic network around
the hotspot (Watson et al. 2006; Gupta et al. 2009) (Fig. 5.15). The results show a
prominent low-V anomaly of nearly circular symmetry (250-300 km in diameter)
to ~200 km depth under the Mount Erebus volcanic region, which further extends
down to ~400 km depth as a narrow tilted column. The observed low-V anomaly
may reflect a thermal anomaly with its origin in or below the MTZ. Combining
the tomographic results with geochemical observations of rift-related volcanism
in the region, Mt. Erebus is considered to be a hotspot due to the West Antarctic
Rift System linked with a mantle plume. In addition, Gupta et al. (2009) revealed
high-V anomalies beneath the East Antarctic Craton, being consistent with other
tomographic results of the region (Kobayashi and Zhao 2004; Watson et al. 2006).

Recently, Zandomeneghi et al. (2013) determined a high-resolution (to scale
lengths of several hundreds of meters) 3-D P-wave tomography to a depth of
~600 m below the Erebus volcano surface using data recorded by 91 seismometers
deployed over an ~4 by 4 km area of the summit region from 12 chemical shots em-
placed in shallow snow and ice boreholes. Their results revealed detailed structures
of the near-summit magmatic system of the Erebus volcano.

5.9 East Asian Hotspots

Seven major intraplate volcanoes exist in the East Asian region, including Wu-
dalianchi, Changbai, Datong, Ulleung, Jeju, Tengchong and Hainan (Fig. 5.1).
Figure 5.16 shows nine east-west vertical cross-sections passing through East Asia
from the Japan Trench to central China from a high-resolution regional tomography
model (Huang and Zhao 2006). The subducting Pacific slab becomes stagnant in
the MTZ under the Korean Peninsula and eastern China, and a big mantle wedge
(BMW) has formed in the upper mantle above the stagnant slab (Zhao et al. 2004,
2007; Lei and Zhao 2005; Wei et al. 2012; Zhao and Tian 2013). High-V anomalies
are visible in the lower mantle under East Asia, which reflect pieces of slab materi-
als finally collapsing down to the bottom of the mantle (e.g., Zhao 2004; Maruyama
et al. 2007; Zhao et al. 2013).

Significant low-V anomalies are visible in the BMW beneath the Wudalianchi,
Changbai, Datong, Ulleung and Jeju volcanoes (Figs. 5.16 and 5.17). It is consid-
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Fig. 5.15 Vertical cross-sections of P-wave tomography beneath the Erebus hotspot (modified
from Gupta et al. 2009). Locations of the cross-sections are shown in the inset map. The red and
blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown
at the bottom. The two dashed lines denote the 410- and 660-km discontinuities. MTZ, the mantle
transition zone. The blue triangles in the map denote portable seismic stations used for the tomo-
graphic imaging

ered that these five intraplate volcanoes are caused by hot and wet upwelling in the
BMW due to the corner flow in the BMW and deep dehydration of the stagnant
slab (Zhao et al. 2004, 2009; Lei and Zhao 2005; Huang and Zhao 2006; Duan
et al. 2009; Ohtani and Zhao 2009; Zhao and Liu 2010; Kuritani et al. 2011, 2013;
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Fig. 5.16 East-west vertical cross-sections of P-wave regional tomography beneath East Asia
(modified from Huang and Zhao 2006). Locations of the cross-sections are shown in the inset map.
The number at the lower-right corner of each panel denotes the north latitude of each profile. The
red and blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is
shown on the right. The red triangles denote the arc or intraplate volcanoes. The white dots denote
earthquakes that occurred within a 50-km width of each profile. The two dashed lines denote the
410- and 660-km discontinuities. MTZ, the mantle transition zone

Wei et al. 2012). A high-resolution local tomography (Zhao et al. 2009) revealed
a prominent low-V zone down to ~410 km depth directly beneath the Changbai
volcano (Fig. 5.18). Recently, Zhao and Tian (2013) suggest that deep earthquakes
in the subducting Pacific slab are related to the origin of the Changbai volcanism.
The faulting of large deep earthquakes (M >7.0) may release fluids preserved within
the slab to the overlying mantle wedge, which can produce more magmas supplied
to the Changbai volcano, making Changbai the largest and most active intraplate
volcano in East Asia (Zhao and Tian 2013). The fluids from the deep earthquake
faulting may have also contributed to the formation of the Ulleung volcano in the
Japan Sea, because large deep earthquakes also occur frequently beneath Ulleung
Island (Zhao and Tian 2013).

The Datong volcano is a Quaternary volcano but a potentially active volcano. It
is located west of the tip of the stagnant slab. Beneath Datong, a significant low-V
zone is visible in the upper mantle, which is connected with a narrow low-V zone in



5.9 East Asian Hotspots 167

P-wave velocity

Fig. 5.17 Vertical cross-sections of P-wave regional tomography beneath East Asia (modified
from Wei et al. 2012). Locations of the cross-sections are shown in the inset map. The red and blue
colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown at the
bottom. The red triangles denote active intraplate volcanoes. The white dots denote earthquakes
that occurred within a 30-km width of each profile. The two dashed lines denote the 410- and 660-
km discontinuities. MTZ, the mantle transition zone

the MTZ and upper part of the lower mantle (Fig. 5.16), suggesting that this volcano
may be caused by an upwelling flow in front of the slab edge associated with the
slab collapsing down to the lower mantle (Zhao and Tian 2013).

Beneath the Jeju volcano (Fig. 5.17b), a prominent low-V anomaly is revealed
in the upper mantle above the Philippine Sea slab which has also subducted down
to the MTZ depth (Huang and Zhao 2006; Wei et al. 2012; Zhao et al. 2012; Huang
et al. 2013). Longgang and Xianjindao are two minor volcanoes close to Changbai,
which are also underlain by significant low-V zones in the BMW above the stagnant
slab (Fig. 5.17b, c).

The regional tomography models have a lower resolution in the Wudalianchi
volcanic area because there are not many seismic stations there (Huang and Zhao
2006; Duan et al. 2009; Wei et al. 2012). Global tomography shows that the Wu-
dalianchi volcano has a similar origin as the Changbai volcano (Zhao 2004; Zhao
and Liu 2010). Wei et al. (2012) suggested that lithospheric delamination has taken
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Fig. 5.18 East-west (a) and north-south (b) vertical cross-sections of local P-wave tomography
beneath the Changbai intraplate volcano (modified from Zhao et al. 2009). Locations of the cross-
sections are shown in the inset map (¢). The red and blue colors denote slow and fast velocities,
respectively. The velocity perturbation scale is shown on the right. The black crosses and white
dots denote crustal and deep earthquakes, respectively. The dashed line denotes the 410-km dis-
continuity. The surface topography is shown above each cross-section

place under Wudalianchi, which caused local upwelling flow producing the volcano
(Fig. 5.17a). A dense portable seismic network should be deployed in this region to
clarify the origin of this important intraplate volcano whose most recent eruption
occurred during 1719-1721 (Liu 1999, 2000).

Figure 5.19a shows an east-west vertical cross-section passing through the
Tengchong active volcano in Southwest China from a recent high-resolution re-
gional tomography of East Asia (Wei et al. 2012). A prominent low-V zone is vis-
ible under the Tengchong volcano down to ~250 km depth, and the subducting
Burma microplate (or the Indian plate) is clearly imaged as a dipping high-V zone
which is visible down to the MTZ or even the lower mantle. High-resolution local
tomography has imaged the low-V anomaly under the Tengchong volcano in the
crust and upper mantle more clearly (Huang et al. 2002; Lei et al. 2009a; Wang et al.
2010; Yang et al. 2014). These results indicate that the Tengchong volcano is not a
hotspot associated with a deep mantle plume, it is more likely to be caused by the
eastward subduction of the Burma microplate (or the Indian plate) and the hot and
wet upwelling in the mantle wedge, similar to a back-arc volcano or the Changbai
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Fig. 5.19 Vertical cross-sections of P-wave regional tomography beneath the active Tengchong
and Hainan volcanoes in China (modified from Wei et al. 2012). Locations of the cross-sections
are shown in the inset map. The red and blue colors denote slow and fast velocities, respectively.
The velocity perturbation scale is shown above the map. The white dots denote earthquakes that
occurred within a 30-km width of each profile. The two dashed lines denote the 410- and 660-km
discontinuities. MTZ, the mantle transition zone

intraplate volcano (Lei et al. 2009a; Zhao and Liu 2010). Petrologic and geochemi-
cal studies show that the Tengchong volcanics have origin in the upper mantle (Du
et al. 2005), supporting the tomographic results.

The Hainan intraplate volcano in southernmost China (Fig. 5.1) is considered
to be a hotspot (Liu 1999; Zhao and Liu 2010). The global tomography shows that
significant low-V anomalies exist in the upper and lower mantle under Hainan
(Fig. 5.7). The Hainan plume was imaged in the upper mantle by a waveform to-
mography (Lebedev and Nolet 2003). Recent regional tomography of East Asia
(Huang and Zhao 2006; Wei et al. 2012) revealed prominent low-V anomalies in
the mantle down to ~1000 km depth under Hainan (Fig. 5.19), indicating that the
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Fig. 5.20 Vertical cross-sections of local P-wave tomography beneath the Hainan hotspot (modi-
fied from Lei et al. 2009b). Locations of the cross-sections are shown in the inset map. The red and
blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown
below (¢). The white dots denote local crustal earthquakes that occurred within a 25-km width
of each profile. The dashed line denotes the Moho discontinuity. The white triangles in the map
denote local seismic stations used for the tomographic imaging

Hainan hotspot is fed by a deep mantle plume which may be caused by the deep
subduction of the Indian and/or the Burma plate in the west and deep subduction
of the Philippine Sea plate in the east (Zhao and Liu 2010; Wei et al. 2012). This
interpretation is supported by a recent petrologic study (Wang et al. 2013).

A high-resolution local tomography is determined for the crust and upper mantle
under Hainan using arrival-time data of local earthquakes and teleseismic events
recorded by a local seismic network (Lei et al. 2009b). A prominent low-V zone
is revealed in the upper mantle dipping from the northwest toward the southwest
(Fig. 5.20), suggesting that the Hainan plume is deflected by mantle wind, being
consistent with the prediction from a mantle convection model (Lei et al. 2009b).

The Baikal rift zone is composed of a branched chain of Late Cenozoic half-
grabens extending over a distance of ~1500 km in Siberia (see Zhao et al. 2006 and
references therein). It is situated at the boundary of the Siberian platform (craton)
to the northwest and the Mongolian fold belt to the southeast. Lake Baikal occupies
only about a third of the rift zone. The Baikal rift zone is characterized by high
surface heat flow, flanking normal faults, and slower upper-mantle velocity. The
1500 km echelon system of rift depressions is seismically the most active continen-
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tal rift in the world (e.g., Radziminovich et al. 2013). The Baikal rift is located over
2000 km away from the closest active plate boundary, and it is probably the most
debated of all rifts in terms of its origin. Many scientists support an active rift hy-
pothesis that theorizes an anomalous upper mantle formed beneath the continental
lithosphere and led to the development of the rift; whereas a passive hypothesis sug-
gests that the rift began as a result of the India-Asia collision. More recent studies
prefer a mixture of several effects, giving a rather complex evolutionary picture (see
the many references cited by Zhao et al. 2006 and Radziminovich et al. 2013). A lo-
cal P-wave tomography of the Baikal rift zone is determined using high-quality ar-
rival time data collected from original seismograms of teleseismic events recorded
by a dense portable seismic network (Zhao et al. 2006). A low-V anomaly in the
upper mantle with a lateral velocity reduction of up to 2% is revealed under the
Baikal rift zone (Fig. 5.21). The low-V zone extends from the surface down to the

NW Baikal rift S
0 L L 1 L 1 E
g 200
=
=
£ 400
600
a 56°N
b 96°E 104°E 112°E

Fig. 5.21 (a) Vertical cross-section of local P-wave tomography beneath the Baikal rift zone
(modified from Zhao et al. 2006). Location of the cross-section is shown in the inset map (b). The
red and blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is
shown below (a). The three dashed lines denote the Moho, 410- and 660-km discontinuities. MTZ,
the mantle transition zone. The black triangles in (b) denote portable seismic stations used for the
tomographic imaging
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MTZ and tilts toward the northwest under the stable Siberian craton. It is interpreted
as a mantle upwelling (plume) which has played an important role in the initiation
and evolution of the Baikal rift zone. The lithosphere of the stable Siberian craton
is imaged as a high-V anomaly having a thickness of 150-180 km. Strong lateral
heterogeneity exists in the lithosphere of the complex Mongolian fold belt. In ad-
dition to the dominant role of the Baikal mantle plume, the rift formation may be
also controlled by other factors such as older (pre-rift) linear lithosphere structures
favorably positioned relative to the plume and favorable orientation of the far-field
forces caused by the India—Asia collision (Zhao et al. 2006). A recent regional to-
mography by Koulakov and Bushenkova (2010) shows a similar feature under the
Baikal rift. However, a receiver-function result shows that the MTZ is thicker under
the Baikal rift and so a mantle plume may not exist there (Liu and Gao 2006). More
detailed studies are needed to resolve this issue.

5.10 Discussion and Summary

5.10.1 Types of Hotspots and Mantle Plumes

Based on the above-mentioned multidisciplinary findings, we summarize the main
features of the 62 hotspots in Table 5.1. To describe the depth ranges of the low-V
anomalies beneath each hotspot, we roughly divide the mantle into the upper mantle
(<410 km depth), MTZ (410-660 km depth), upper portion of the lower mantle
(660—-1000 km depth), mid mantle (1000-1800 km depth), lower mantle (depth
660-2889 km, or 1800-2889 km in some cases), and the D layer (about 200 km
depth range in the lowermost mantle). Depending on the morphology of low-V
zones and the MTZ thickness beneath a hotspot, the plume features are roughly
divided into four types with grades 14 (see Table 5.1).

Thirteen hotspots have seismic structures with Grade 1 or 2 exhibiting plume-
like low-V features in both the upper and lower mantle, including Hawaii, Tahi-
ti, Louisville, Iceland, Cape Verde, Reunion, Kerguelen, Amsterdam, Afar, Eifel,
Hainan, Cobb and Yellowstone, suggesting that they are probably whole-mantle
plumes originating from the CMB feeding these hotspots. Upper-mantle plumes
seem to exist under Easter, Azores, Vema, East Australia, Cameroon and Mt. Erebus
hotspots. A mid-mantle plume may exist beneath the San Felix hotspot.

Detailed local and regional studies have provided convincing pieces of evidence
that the active intraplate volcanoes in NE Asia, including Changbai, Wudalianchi,
Jeju, and Ulleung, are caused by hot and wet upwelling flows in the BMW above
the Pacific and Philippine Sea slabs which are now stagnant in the MTZ (Zhao et al.
2004, 2007, 2009; Lei and Zhao 2005; Huang and Zhao 2006; Zou et al. 2008; Duan
et al. 2009; Kuritani et al. 2011, 2013; Wei et al. 2012; Zhao and Tian 2013). The
Datong volcano is underlain by a hot flow ascending from the upper part of the low-
er mantle in front of the western edge of the stagnant slab. The Tengchong volcano
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in Southwest China is related to the deep subduction of the Burma microplate or
the Indian slab. The Hainan volcano is a hotspot fed by a whole-mantle plume, but
the Hainan plume seems to be caused by deep slab subductions in the west and east
(Zhao et al. 2011; Wang et al. 2013).

The seismic features under the other hotspots have grades 3 or 4 (Table 5.1),
where low-V anomalies are generally visible in some depth range in the mantle, but
their plume features are not very clear, and so their origins are uncertain from the
seismological studies so far. In future studies, portable seismic stations should be
installed in each of the hotspot areas so as to obtain high-resolution tomographic
images and receiver-function results to clarify their origins.

5.10.2 Why are Seismic Images Under Hotspots Complex?

The tomographic images beneath most of the hotspots look complex (Figs. 5.4, 5.5,
5.6,5.7,5.8,5.9,5.10, 5.11, 5.12, 5.13, 5.14, 5.15, 5.16, 5.17, 5.18, 5.19, 5.20 and
5.21). One or more low-V zones are generally revealed at some depths beneath the
surface hotspots, and high-V anomalies are also visible in some cases. Plume-like,
continuous low-V columns in the entire mantle appear under only about a dozen
hotspots (Table 5.1). In most cases, low-V anomalies are visible at only some depth
range beneath a hotspot, rather than in the whole mantle.

The complexity of seismic images beneath the hotspots could be caused by a va-
riety of reasons, which are summarized as follows (Zhao 2007). (1) Some hotspots
may simply be not related to mantle plumes, as insisted by the opponents of the
plume theory (e.g., Anderson 2000, 2011; Foulger et al. 2000; Foulger and Jurdy
2007). (2) The diameter of a plume ranges from 100-200 km in the upper mantle to
500-600 km in the lower mantle (Fig. 5.3). The thinner portion of the plume may
not be detected because of the limited resolution of the current global and regional
tomography. Local tomography and some regional tomography have a higher reso-
lution in the upper mantle, but they cannot resolve the lower mantle structure be-
cause of the small aperture of the local networks available in most of the hotspots
areas. (3) Some plumes may be just shallow mantle (or upper mantle) features and
so they do not extend into the MTZ and the lower mantle (Courtillot et al. 2003),
such as some of the volcanoes which are located at the edges of continental cra-
tons (King and Ritsema 2000; Reusch et al. 2010, 2011). The other example is
the intraplate volcanoes in Northeast Asia which are associated with upper-mantle
processes in the BMW above the stagnant slab in the MTZ, as mentioned above. (4)
In some cases, the surface location of a hotspot may not be correct (e.g., Louisville
in Fig. 5.4). It is also possible that some of the “hotspots” adopted here are simply
not a real hotspot. As mentioned above, there are quite several hotspot lists and they
are quite different from each other. (5) Beneath many oceanic hotspots, the seismic
rays in the data set of global tomography do not crisscross well enough and so the
obtained tomography has a very poor resolution. For example, the resolution is
very low in the upper mantle under Discovery and Crozet and in the lower mantle
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under Fernando, Trindade, Bouvet, Meteor, Marion, Darfur, and Mt. Erebus (see
the results of resolution tests in Zhao 2007). The plume signals may be only weakly
captured because of the lack of a sufficient number of seismic stations receiving
the signals (i.e., delayed arrivals of seismic waves passing through the plumes).
The fact is that none or very few seismic stations exist directly above most of the
hotspots. (6) Even if there are enough rays passing through the mantle beneath a
hotspot and the resolution tests show good recovery of a synthetic plume anomaly,
the arrival-time data used in the tomographic inversion may have large picking er-
rors, which would result in a blurred, complex or even wrong image of a plume.
(7) Narrow lower-mantle plumes may not be detected due to the wavefront healing
effect (Hwang et al. 2011). (8) Some plume may not be detected with seismological
methods because it is a chemical plume (Anderson 1975) or a wet spot rather than
a hot spot (Newmann 1994). If the wet spot is just hydrated mantle and there is no
free water, its seismological features (seismic velocity, attenuation, and anisotropy)
may not be very different from those of the surrounding mantle.

5.10.3 Deflection of Mantle Plumes

For those hotspots where a plume-like low-V zone is imaged (Table 5.1), the slow
anomalies beneath hotspots usually do not show a simple vertical pillar shape. This
suggests that plumes, if any, are not completely fixed in the mantle but can be de-
flected due to the influences of mantle flow (Griffiths and Richards 1989; Loper
1991; Zhao 2001b, 2004; Shen et al. 2002; Lei et al. 2009b). Computer simulations
of mantle convection show that plume conduits can be tilted, with source regions at
the D layer moving in the lowermost mantle flow, generally toward large-scale up-
wellings under East Africa and South Pacific (Steinberger 2000). The hotspot sur-
face motion often represents the horizontal component of mid-mantle flow, which is
frequently opposite to the plate motion (i.e., toward ridges and away from subduc-
tion zones) (Steinberger 2000). If the tomographic images of the plumes are precise
enough, they may reflect the history of the mantle flow motions beneath each of the
hotspot regions, being a good indicator of mantle convection (Zhao 2007).
Because of the deflection of mantle plumes, hotspots would not be fixed during
the long geological history but could move on the Earth’s surface, as suggested
by computer simulation studies, though their relative moving velocities are much
smaller than that of the lithospheric plates (Steinberger 2000; Griffiths and Richards
1989; Molnar and Stock 1987). However, results of paleomagnetic studies show
that the Hawaiian hotspot may have moved southward continuously at rates of 30—
50 mm/yr, which are comparable to those of lithospheric plates in late Cretaceous to
early Tertiary times (81-43 Ma), and the bend in the Hawaiian-Emperor chain has
recorded primarily differences in motion of the Hawaiian hotspot relative to the Pa-
cific lithosphere (Tarduno et al. 2003, 2009). The tomographic image under Hawaii
is well consistent with this scenario (Fig. 5.4). The plume-like low-V zone under
Hawaii bends from the north at the CMB to the south at 1500 km depth, and then
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it becomes vertical from 1500 km to the surface, which may reflect the southward
motion of the Hawaiian hotspot during 81-43 Ma as revealed by paleomagnetic,
numerical simulation and geochronological studies (e.g., Tarduno et al. 2003, 2009;
Steinberger and Gaina 2007; O’Connor et al. 2013).

5.10.4 Plume Behaviors in and Below Mantle Transition Zone

Tomographic images beneath the hotspots show that low-V zones often become
complex around the 660 km discontinuity. Beneath several hotspots such as San
Felix, Juan Fernandez (Fig. 5.4), Jan Mayen, Iceland (Fig. 5.5), Eifel, Hainan
(Fig. 5.7), Bowie, and Cobb (Fig. 5.8), a thin, laterally spreading, low-V layer ap-
pears directly beneath the 660 km discontinuity. The low-V layer may reflect pond-
ing of plume material in the top part of the lower mantle (Fig. 5.3), probably due
to the existence of a low-viscosity layer, the so-called “second asthenosphere” ly-
ing between 660 and 1000 km depth, as suggested by computer simulation studies
(e.g., Kido and Cadek 1997; Cserepes and Yuen 2000; Tosi and Yuen 2011). The
second asthenosphere is able to produce mid-mantle plumes which develop from
a boundary layer in the middle mantle, in contrast to the upper-mantle plume and
lower-mantle plume which develop at the thermal boundary layer at 660 km and
2900 km depth, respectively (Cserepes and Yuen 2000). It is difficult to judge from
the current tomographic images if such mid-mantle plumes really exist in the Earth
at present. If they exist, the possible candidates are those under San Felix (Fig. 5.4),
Tasmania, Lord Howe (Fig. 5.7), and East Africa (Fig. 5.7).

Under some hotspots such as Hawaii, Louisville (Fig. 5.4) and Reunion (Fig. 5.6),
low-V zones spread laterally directly above the 660 km discontinuity. The width of
the low-V zones is much greater than that in the lower mantle. It is generally consid-
ered that the 660 km discontinuity is caused by the endothermic spinel-perovskite
phase transition (e.g., Ito and Takahashi 1989; Bina and Helffrich 1994) which can
act as a strong, but incomplete barrier to vertical flows, i.e., the subducting slabs
and ascending mantle plumes. If this barrier leaks at some relatively small spots,
upward directed eruptions of the lower mantle material would take the form of the
usual mushroom-shaped plumes in the upper mantle (Cserepes and Yuen 2000).
The tomographic images under Hawaii, Reunion and Louisville may reflect such a
scenario (Zhao 2007).

5.10.5 [Implications for Mantle Dynamics

The complex mantle structures beneath hotspots revealed by the above-mentioned
multidisciplinary studies may reflect strong lateral variations in temperature, vis-
cosity and possibly composition of the mantle, which control the generation and
ascending of mantle plumes as well as the flow pattern of mantle convection. These
results have important implications for the understanding of mantle dynamics and
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evolution of the Earth. The hotspots and mantle plumes in the Atlantic and Indian
oceans may have contributed to the Gondwana breakup (e.g., Storey 1995), whereas
those in the Pacific Ocean may have been associated with the much older open-
ing of the Pacific Ocean (e.g., Maruyama et al. 2007; McNutt and Caress 2007).
The hotspots under the continental regions should be the sites of future rifts and
will contribute to the future breakup of the continents (e.g., Maruyama et al. 2007,
McNutt and Caress 2007). The Afar and other hotspots in East Africa are good ex-
amples of this type.

At present we are still in the early stage of imaging mantle plumes because of
the sparse distribution of seismometers in the hotspot areas. Because more and
more seismographs including OBS stations will be deployed in the non- or less-
instrumented regions, and seismic imaging techniques will be further improved, we
will be able to image the crust and mantle structure better and better. Geochemical
studies (e.g., Courtier et al. 2007; Hilton et al. 2011; Wang et al. 2013), laboratory
experiments (e.g., Kumagai et al. 2008; Druken et al. 2013; Kincaid et al. 2013),
and numerical simulations (e.g., Leng and Gurnis 2012; Bossmann and van Keken
2013; van Keken et al. 2013) are necessary and important for interpreting the seis-
mological observations. Integrating all the multidisciplinary findings can greatly
advance our understanding of the origin of hotspots and mantle plumes as well as
deep Earth structure and dynamics.
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Chapter 6
East Asia Structure and Tectonics

Abstract In this chapter, we review seismic tomography studies of the East Asia
region and new insights into plate deep subductions, continental seismotectonics,
intraplate magmatism, and mantle dynamics. The subducting Pacific slab is stag-
nant in the mantle transition zone under the Korean Peninsula and East China,
and a big mantle wedge (BMW) has formed above the stagnant slab. Hot and wet
upwelling flows in the BMW have caused intraplate volcanoes in NE Asia, litho-
spheric thinning and reactivation of the North China Craton, and large earthquakes
in and around East China. Deep earthquakes in the Pacific slab may be related to
a metastable olivine wedge in the slab. The deepest earthquakes (~600 km depth)
under NE Asia may release more fluids preserved in the slab to the overlying BMW,
contributing to the Changbai volcanism. The descending Indian plate beneath the
Tibetan Plateau is clearly revealed. The Hainan volcano in South China is a hotspot
fed by a deep mantle plume associated with plate deep subductions in the east and
the west.

Keywords East Asia - Mantle structure - Tectonics * Intraplate volcanism - Tibetan
Plateau

East Asia (Fig. 6.1) is a heterogeneous collage of ancient continental fragments,
volcanic arcs, suture belts and accretionary complexes in the convergent zones
among the Eurasian, Pacific, Okhotsk, Philippine Sea and Indian plates (Lee and
Lawver 1995; Northrup et al. 1995; Li 1998; Metcalfe 2006; and references there-
in). This broad region has experienced widespread tectonic deformations during the
Cenozoic as a result of plate interactions. In the east, the Pacific and Philippine Sea
plates are subducting beneath the Okhotsk and Eurasian plates, causing the western
Pacific island arcs, marginal seas, and continental rift zones. In the southwest, the
India-Asia collision leads to the shortening and elevation of the Tibetan plateau,
causing high and great mountain ranges such as the Himalaya, Pamirs, and the Hin-
du-Kush mountains. The Asian continent has a very complex surface topography,
and intensive seismic and volcanic activities (Fig. 6.1). Investigation of seismotec-
tonics, volcanism, mantle dynamics and their relationships in the Asian region is
very important from the viewpoint of both scientific research and mitigation of
natural hazards. In this region large earthquakes and volcanic eruptions take place
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Fig. 6.1 Map showing the surface topography and major tectonic features of East Asia. The
dashed pink lines show the major plate boundaries, and the grey thin lines denote the main tectonic
units. The black triangles show the active intraplate volcanoes. The two red stars denote the 2008
Wenchuan earthquake (M 8.0) and the great 2011 Tohoku-oki earthquake (Mw 9.0). ODB Qaidam
Basin, JGB Jungger Basin, SLB Songliao Basin, SCB Sichuan Basin, CDDB Chuandian Diamond
Block. (Modified from Wei et al. 2012)

frequently, which have caused heavy casualties and significant damage in many
Asian countries, such as the 1991 explosive eruption of the Pinatubo volcano in the
Philippines, the 2004 Sumatra earthquake (M 9.2) in Indonesia and the huge tsu-
nami it caused, the 2008 Wenchuan earthquake (M 8.0) in Southwest China, and the
2011 Tohoku earthquake (Mw 9.0) in Northeast Japan (Zhao et al. 2011). To clarify
the mechanism of earthquake generation and volcanic eruptions, it is necessary to
study the detailed crust and upper mantle structure in the earthquake and volcanic
areas as well as the plate tectonics and mantle dynamics of the broad region, which
are the fundamental causes of the seismic and volcanic activities.

In East Asia, there are many intriguing geological and geophysical phenomena
which are related to the fundamental scientific issues of Earth sciences, such as the
origin of the intraplate volcanoes (e.g., Changbai, Tenchong, Hainan, etc.), the deep
structure and fate of subducting slabs, the India-Asia collision and its cause of great
earthquakes and fault zones in and around the Tibetan Plateau, lithospheric thinning
and reactivation of the North China Craton, and the origin of intracontinental rift
zones in central Asia (such as Lake Baikal), etc. (Zhao et al. 2011). Plate tectonics
and mantle dynamics are the fundamental causes of seismic and volcanic activities
near the Earth’s surface, whereas earthquakes and volcanoes are significant aspects
of mantle dynamics. Therefore, it is important and necessary to have a consistent
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and unified understanding of these scientific issues in the framework of global tec-
tonics and mantle dynamics.

Several seismological methods have been applied to study the crust and mantle
structure of East Asia. Teleseismic receiver-functions are effective as detectors of
seismic discontinuities, such as the Moho, the lithosphere-asthenosphere bound-
ary, the 410 and 660 km discontinuities, and their lateral depth variations (e.g.,
Ai et al. 2003; Li and Yuan 2003; Chen 2010; Tian et al. 2010, 2011). Shear-wave
splitting measurements are useful for detecting seismic anisotropy in the crust and
mantle, though they have no depth resolution (e.g., Liu et al. 2008; Zhao and Xue
2010; Huang et al. 2008, 2011). Surface-wave (including ambient-noise) tomog-
raphy is effective for studying the 3-D S-wave velocity structure of the crust and
shallow mantle, though it generally has a lower spatial resolution compared with
body-wave tomography (e.g., Huang et al. 2003; An et al. 2009; Zheng et al. 2010;
Li et al. 2012). Pn-wave tomography has been used to determine two-dimensional
(2-D) P-wave velocity variation and anisotropy in the uppermost mantle directly
beneath the Moho discontinuity (e.g., Hearn et al. 2004; Liang et al. 2004; Pei et al.
2007; Wang et al. 2013a). The waveform modeling approach has been adopted to
study the detailed structure of the crust and the subducting slab (e.g., Abdelwahed
and Zhao 2005, 2014; Tajima et al. 2009; Ye et al. 2011; Li et al. 2013). Body-
wave tomography methods have been applied widely to study 3-D P- and S-wave
velocity (Vp, Vs) structures of the crust and mantle down to a depth of ~ 1300 km
beneath East Asia, and they generally have a much higher spatial resolution than
surface-wave tomography (e.g., Huang and Zhao 2006, 2009; Lei and Zhao 2005,
2009; Tian et al. 2009; Tian and Zhao 2011; Xu and Zhao 2009; Wang et al. 2006,
2010; Wei et al. 2012). Recently, P-wave anisotropy tomography has been applied
to investigate the 3-D distribution of P-wave anisotropy and velocity variations in
the crust and upper mantle under East Asia (e.g., Wang and Zhao 2008; 2013; Tian
and Zhao 2013; Wei et al. 2013; Wang et al. 2013b). These seismological studies
have provided important new insights into interplate and intraplate seismotectonics,
volcanism, and mantle dynamics in the East Asia region.

Here, I mainly review seismic tomography studies made for East Asia so far,
with emphasis on recent works. First, I review large-scale tomographic models cov-
ering the entire East Asian region, then mention local-scale tomography studies in
different parts of East Asia, and discuss their tectonic and geodynamic implications.
I have attempted to make a complete and balanced review of these studies; how-
ever, because of the numerous works published by a great number of researchers
and limitations of space here, I consider mainly those studies which I have been
involved in or am relatively familiar with.

6.1 East Asian Mantle Tomography

So far, many global tomography models have been determined, which have revealed
the large-scale mantle structure under the Western Pacific and East Asia and have
found that the Pacific slab is stagnant in the mantle transition zone under NE Asia
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Fig. 6.2 a, b Vertical cross-sections of whole-mantle P-wave tomography beneath East Asia. The
red and blue colors denote slow and fast velocity perturbations (in %), respectively, from the 1-D
iasp91 Earth model. The velocity perturbation scale is shown below the cross-sections. The white
dots denote earthquakes within a 150 km width of each profile. The two solid lines show the 410
and 670 km discontinuities. Solid triangles show the intraplate volcanoes. The reverse triangles
show the location of the Japan Trench. CMB the core-mantle boundary. ¢ Map showing locations
of the two cross-sections in (a) and (b). Triangles denote hotspots or intraplate volcanoes on Earth.
(Modified from Zhao 2007)

(Fukao et al. 1992) and that a big mantle wedge (BMW) has formed in the upper
mantle above the stagnant Pacific slab (Zhao 2001, 2004; Zhao et al. 2004, 2013)
(Fig. 6.2). However, all the global models have a low spatial resolution under East
Asia and so are not very useful with regard to regional tectonics. Liu et al. (1990)
determined the first regional Vp tomography model of the upper mantle beneath
China. Later, large-scale Vs tomography models of East Asia were determined (e.g.,
Friederich 2003; Huang et al. 2003). Inevitably, these early regional tomography
models had a low resolution and could only reveal large-scale lateral velocity varia-
tions under major tectonic units in East Asia.

Huang and Zhao (2006) determined a high-resolution Vp tomography of the
crust and mantle down to a depth of 1300 km beneath East Asia applying the tomog-
raphy method of Zhao (2001) to about one million arrival-time data of P, pP, PP, and
PcP waves from 19,361 earthquakes recorded by 1012 seismic stations (Figs. 5.16
and 6.3). This regional tomography is very consistent with the global tomography
under East Asia (e.g., Zhao 2001, 2004), but reveals much more detailed structures
in the crust and upper mantle. The subducting Pacific slab is clearly imaged as a
high-velocity (high-V) zone from the Japan Trench down to a depth of ~600 km,
and intermediate-depth and deep earthquakes are located within the high-V slab
(Figs. 5.16 and 6.3). The western edge of the stagnant slab is roughly coincident
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Fig. 6.3 East-west vertical cross-section of P-wave regional tomography from the surface down
to 1300 km depth along a profile shown on the insert map. The red and blue colors denote slow
and fast velocity perturbations (in %), respectively, from the 1-D iasp91 Earth model. The veloc-
ity perturbation scale is shown below the cross-section. White dots denote earthquakes within a
100 km width of the profile. The two dashed lines show the 410 and 670 km discontinuities. The
red and black triangles show the active volcanoes. The reverse blue triangle shows the location of
the Japan Trench. The surface topography along the profile is shown atop the tomographic image.
The blues lines on the inset map denote the major plate boundaries. (Modified from Huang and
Zhao 2006)

with a surface topographic boundary in East China (Huang and Zhao 2006). The ac-
tive Changbai and Wudalianchi volcanoes are underlain by significant low-velocity
(low-V) anomalies in the BMW. These results suggest that the active intraplate vol-
canoes in NE Asia are not hot spots like Hawaii but a kind of back-arc volcano as-
sociated with hot and wet upwelling flows above the stagnant slab, which have con-
firmed the BMW model proposed by Zhao et al. (2004) and Lei and Zhao (2005).
Beneath the Mariana arc, however, the Pacific slab penetrates directly down to the
lower mantle (Fig. 5.16). The active Tengchong volcano in Southwest China is re-
lated to the eastward subduction of the Burma microplate. The subducting Indian
and Philippine Sea plates are also imaged clearly. The Indian plate has subducted
down to a depth of 200-300 km under the Tibetan Plateau with a horizontal range
of ~500 km. High-V anomalies are revealed in the upper mantle beneath the Tarim
Basin, Ordos, and the Sichuan Basin, which are three stable blocks in China. Li
et al. (2006) made a similar study, and the main features of their tomography model
are generally consistent with those of Huang and Zhao (2006).
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Wei et al. (2012) obtained an updated regional Vp tomography beneath East
Asia by applying the tomographic method of Zhao et al. (1992) to a better data set
consisting of 1,401,797 arrival-time data of 17,180 local and regional earthquakes
recorded by 2247 seismic stations of permanent networks and portable arrays. Their
new tomography model (Fig. 6.4) has confirmed the main findings of Huang and
Zhao (2006) and revealed some new features, in particular in and around the Ti-
betan Plateau, because they used many new data recorded by the portable seismic
stations in Tibet. Some high-V anomalies atop the 410 km discontinuity are de-
tected beneath the eastern North China Craton and Northeast China, suggesting that
lithospheric delamination may have occurred there and greatly affected the thermal
state, intraplate magmatism and surface topography of that region. The origin of the
Waudalianchi volcano in NE China seems associated with the upwelling of astheno-
spheric materials caused by the subduction-induced lithospheric delamination (Wei
et al. 2012). The Indian lithosphere is imaged more clearly as a high-V anomaly
and is subducting nearly horizontally beneath the entire, or most parts of, western
Tibet, with a small dipping angle to the southernmost part of eastern Tibet. The
active Tengchong volcano is underlain by a prominent low-V anomaly in the shal-
low mantle, which may be caused by the subduction and dehydration of the Burma
microplate plate (or the Indian plate; Fig. 5.19). The Hainan volcano is underlain by
a plume-like low-V anomaly that extends down to at least 1000 km depth and seems
to be related to the deep subduction of the Burma microplate (or the Indian plate) in
the west, and deep subduction of the Philippine Sea plate in the east (Zhao and Liu
2010; Wei et al. 2012; Fig. 5.19).

Zhao et al. (2006) determined a 3-D P-wave tomography of the upper mantle be-
neath the Baikal rift zone in Siberia using teleseismic data (Fig. 5.21). A prominent
low-V anomaly is revealed down to a depth of 650 km under Lake Baikal, reflecting
a mantle upwelling (plume) which has played an important role in the initiation and
evolution of the Baikal rift zone. High-V anomalies are imaged in the lithosphere
under the Siberian craton. The Baikal rift formation may also be affected by other
factors, such as older (pre-rift) linear lithosphere structures which are favorably
positioned relative to the plume upwelling and a favorable orientation of the far-
field forces caused by the India—Asia collision (Zhao et al. 2006; Koulakov and
Bushenkova 2010).

6.2 Northeast Asia

The major scientific issues of NE Asia are the origin of intraplate volcanism and
the mechanism of deep earthquakes in the subducting Pacific slab. Recent high-
resolution seismic studies have shed new light on these issues.

The first local tomography of the crust and upper mantle under the Changbai
volcano revealed a prominent low-V zone extending down to a depth of ~400 km
beneath the volcano and a high-V anomaly in the mantle transition zone (Zhao et al.
2004; Lei and Zhao 2005). However, this local tomography had a lower lateral
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Fig. 6.4 Map views of P-wave tomography beneath East Asia (Wei et al. 2012). The layer depth
is indicated at the Jower-left corner of each map. The red and blue colors represent slow and fast
velocity perturbations, respectively. The velocity perturbation scale is shown at the bottom. White
dots denote earthquakes used in this study that occurred within a depth of 10 km of each layer. The
black triangles show the active intraplate volcanoes
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Fig. 6.5 a-e Vertical cross-sections of P-wave local tomography along the profiles shown on the
inset map (f). The blue and red colors denote high and low velocities, respectively. The cross
symbols denote crustal earthquakes. Deep earthquakes are shown in open circles (M <7.0) and red
stars (M >7.0). The velocity perturbation and earthquake magnitude scales are shown below (c).
The two dashed lines denote the Moho and 410 km discontinuities. (After Zhao and Tian 2013)

resolution (~200 km) because of the small data set used which was recorded by
only 22 seismic stations.

Zhao et al. (2009) determined a high-resolution (~50 km) local tomography
down to a depth of 650 km under the Changbai volcano using a large number of
high-quality local and teleseismic data recorded by 645 seismic stations of perma-
nent local seismic networks and 19 portable seismic stations deployed in the Chang-
bai area (Fig. 6.5). A low-V anomaly of ~ 100 km wide is clearly visible down to a
depth of 300 km under the volcano, and the low-V zone extends toward the east in
the depth range of 300-480 km. Recent S-wave tomography also shows a prominent
low-V anomaly in the crust and upper mantle down to a depth of ~ 100 km beneath
the Changbai volcano (e.g., Zheng et al. 2011; Li et al. 2012). In the lower portion
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Fig. 6.6 The dots show the epicenters of large earthquakes (M >6.0) that occurred during the
period from 5 January 1900 to 30 September 2009 compiled by the International Seismological
Center (ISC). The earthquake magnitude scale is shown at the botfom. Different colors of the dots
denote the focal depths, and the color scale is shown at the bottom. The black stars represent the
great Tohoku-oki earthquake (Mw 9.0) and an outer-rise earthquake (Mw 7.5) which occurred on
11 March 2011. The contour lines show the upper boundary of the subducting Pacific slab down
to 575 km depth, while toward the west the Pacific slab becomes flat and stagnant in the mantle
transition zone. The blue sawtooth line denotes the Japan Trench. The red triangles denote the
active Changbai and Ulleung intraplate volcanoes. The black triangles denote the active arc vol-
canoes on the Japan Islands. The black lines in China denote the major active faults. (After Zhao
and Tian 2013)

of the mantle transition zone, a continuous high-V anomaly is clearly visible, which
represents the stagnant Pacific slab (Fig. 6.5). Zhao and Tian (2013) compared the
local tomography with the distribution of earthquakes (M >4.0) that have occurred
since 1964 in East Asia. Deep earthquakes take place in the subducting Pacific slab
at 400-600 km depths. The low-V anomaly under Changbai spreads toward the east
to the upper portion of the mantle transition zone above or close to swarms of deep
earthquakes in the Pacific slab (Fig. 6.5). Some of the deep earthquakes are greater
than M 7.0. A few very deep earthquakes also occurred close to the active Ulleung
volcano under the Japan Sea (Fig. 6.6). Unfortunately, the local tomography model
has a poor resolution beneath the Ulleung volcano (Fig. 6.5¢) because there is no
seismic station under the Japan Sea (Zhao et al. 2009).

Of the intraplate volcanoes in NE Asia, Changbai is the largest and most active.
Hence, there must be some local causes of the exceptionally significant Changbai
volcanism, in addition to the hot upwelling in the BMW. Integrating the findings
of geophysical, geochemical and petrological studies so far, Zhao and Tian (2013)
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suggest a link between the Changbai volcanism and the deepest earthquakes in the
Pacific slab (Fig. 6.7). Many large shallow earthquakes occurred in the Pacific plate
in the outer-rise areas close to the Japan Trench (e.g., Kanamori 1971; Hino et al.
2009; Obana et al. 2012), and seawater may enter the deep portion of the oceanic
lithosphere through the active normal faults which generated the large outer-rise
earthquakes (Peacock 2001; Zhao et al. 2007, 2011). The seawater or fluids may be
preserved in the active faults even after the Pacific plate subducts into the mantle.
At least some of the large deep earthquakes (M >7.0) are caused by the reactivation
of the faults preserved in the subducting slab, and the fluids preserved in the faults
within the slab may cause the observed non-double-couple components in the deep
earthquake faulting (Frohlich 1994, 2006; Julian et al. 1998; Miller et al. 1998). The
fluids preserved in the slab may be released to the overlying mantle wedge through
the large deep earthquakes. Because large deep earthquakes occur frequently in the
vicinity of the Changbai volcano (Fig. 6.6), much more fluid could be supplied to
this volcano than to the other areas in NE Asia, making Changbai the largest and
most active intraplate volcano in this region (Zhao and Tian 2013).

It is generally expected, and some studies have shown, that a metastable olivine
wedge (MOW) exists in the cold core of the subducting Pacific slab because of a de-
layed phase transition from olivine to its high-pressure polymorphs (e.g., lidaka and
Suetsugu 1992; Green and Houston 1995; Kirby 1995; Bina et al. 2001; Kaneshima
et al. 2007; Kawakatsu and Yoshioka 2011). However, this is still a debatable is-
sue, and even if an MOW exists, its physical properties, such as seismic velocity
and density, are still not very clear. Recently, high-quality arrival-time data of deep
earthquakes occurring within the Pacific slab under NE China and the Japan Sea are
used to study the detailed structure of the slab (Jiang et al. 2008, 2015; Jiang and
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Zhao 2011). The deep earthquakes are relocated precisely by applying a modified
double-difference location method to arrival-time data recorded at both Chinese
and Japanese stations, and travel-time double-residuals are used to estimate seismic
velocity within the slab (Jiang et al. 2015). Their results show that an MOW does
exist within the Pacific slab under the Japan Sea, and that the MOW has a P-wave
velocity 5~8 % lower, and a density 4—7 % lower, than that of the average 1-D Earth
model. The MOW in the slab may reduce the speed of plate subduction, and thereby
might play an important role in the generation of deep earthquakes (Jiang et al.
2008, 2015).

6.3 North China Craton

In recent years, in China, the mechanism of lithospheric thinning and the reactiva-
tion of the North China Craton (NCC) has been a hot topic in many geoscience
fields, and a number of researchers have investigated this issue using geological,
geophysical and geochemical approaches. Archean cratons generally have a cold,
old and thick lithosphere keel, and exhibit low heat flow and lack of volcanism and
large earthquakes. However, the NCC is an exception and many large earthquakes
have occurred there since historic times up to the present, such as the 1679 Sanhe
earthquake (M 8.0) near Beijing, the 1966 Xintai earthquake (M 7.2), the 1975 Hai-
cheng earthquake (M 7.5), and the 1976 Tangshan earthquake (M 7.8), among many
others (Huang and Zhao 2004, 2009; Wang et al. 2013b). The NCC is the Chinese
part of the Sino-Korean Craton, which contains some of the oldest known continen-
tal rocks, being as old as 3.8 Ga (e.g., Liu et al. 1992; Wilde et al. 2002; Kusky and
Li 2003; Santosh et al. 2009).

The NCC can be divided into three blocks. Its western and eastern blocks are
two major Archean continental nuclei which are separated by a major lithospheric
boundary in its central block (e.g., Zhao et al. 2001). Multidisciplinary studies show
that the NCC eastern block has experienced significant lithospheric destruction from
the Late Mesozoic to the Cenozoic, in contrast to the long-term stabilization of the
NCC western block (Fan 1992; Menzies et al. 1993; Xu 2001; Deng et al. 2004; Gao
etal. 2004; Wu et al. 2005; Zheng et al. 2007; Yang et al. 2008; Chen 2010). Several
major geologic events have affected the NCC reactivation since the late Mesozoic,
and compound geological processes, rather than just a single event, caused the NCC
reactivation (Menzies et al. 1993; Wu et al. 2005; Zheng et al. 2007; Yang et al.
2008; Tian et al. 2009; Zhao et al. 2009, 2011; Tian and Zhao 2011, 2013).

Concerning the thinning and destruction mechanism of the lithosphere under the
eastern NCC, three kinds of models have been proposed: asthenospheric erosion
(e.g., Xu 2001; Zheng et al. 2007), hydration weakening (e.g. Niu 2005), and litho-
spheric delamination (e.g., Deng et al. 2004; Gao et al. 2004; Wu et al. 2005). The
role of mantle flow beneath the NCC is an important element of all these models.
Zhao and Xue (2010) suggested three end-member models based on the possible
mantle flow patterns under the NCC. These were upwelling mantle flow (e.g., Yuan
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1999; Xu 2001; Deng et al. 2004; Tian et al. 2009), horizontal mantle flow associ-
ated with the westward subduction of the Pacific plate (e.g., Ren et al. 2002; Ai
et al. 2003; Zhao et al. 2004, 2009; Tian and Zhao 2011, 2013), and a regional con-
vective flow induced by lithospheric delamination due to gravity instability (e.g.,
Gao et al. 2004; Wu et al. 2005; Xu and Zhao 2009), which are roughly related to
the above-mentioned thinning models. Therefore, studying the mantle flow pattern
is very important for understanding the structure and dynamics under the NCC. So
far many workers have used the SKS splitting method to study seismic anisotropy
and flow patterns beneath the NCC (e.g., Huang et al. 2008, 2011; Zhao and Xue
2010; Chang et al. 2012). Shear-wave splitting, however, reflects an integrated ef-
fect along the ray path, which has a poor resolution in the depth direction.

Although many researchers have made tomographic studies of the NCC region
(e.g., Huang and Zhao 2004, 2009; Qi et al. 2006; Tian et al. 2009; Xu and Zhao
2009; Tian and Zhao 2011; Wang et al. 2012), they determined only 3-D isotropic
velocity variations in the crust and upper mantle. Wang et al. (2013b) determined
a 3-D P-wave anisotropic tomography of the crust and uppermost mantle beneath
the NCC using arrival times of local earthquakes. Their results show significant
lateral heterogeneities beneath the NCC. The lower crust and uppermost mantle
beneath the North China Basin show widespread low-V anomalies which may re-
flect high-temperature materials caused by the late Mesozoic basaltic magmatism.
Low-V anomalies also exist beneath the Trans-North China Orogen, which may
reflect asthenospheric upwelling since the late Mesozoic. Large crustal earthquakes
generally occurred in high-V zones in the upper to middle crust, whereas low-V and
high-conductivity anomalies, that may represent fluid-filled, fractured rock matri-
ces, are revealed in the lower crust to the uppermost mantle under source zones of
the large earthquakes. The crustal fluids may lead to weakening of the seismogenic
layer in the upper and middle crust, and hence cause the large crustal earthquakes.
NW-SE P-wave fast velocity directions are revealed in the uppermost mantle under
the central parts of the eastern NCC, suggesting that mantle minerals were possibly
regenerated but that they have kept the original fossil anisotropy formed before the
new lithospheric mantle was produced during the late Mesozoic to the Cenozoic
(Wang et al. 2013b).

P-wave anisotropic tomography beneath the NCC is determined using a large
number of high-quality arrival-time data from local earthquakes and teleseismic
events (Tian and Zhao 2013), which reveals a depth-dependent azimuthal anisot-
ropy in the crust and upper mantle down to a depth of 600 km (Fig. 6.8). In the
NCC western block, the fast velocity direction (FVD) varies from east-west in the
southern part to NE-SW in the northern part, which may reflect either the interac-
tion between the Yangtze block and the NCC or fossil lithospheric fabrics in the
craton. Under the NCC eastern block, a uniform NW-SE FVD is revealed in the
lower part of the upper mantle (300—410 km depth) and the mantle transition zone
(410-660 km depth), which may reflect horizontal and upwelling flows in the BMW
above the stagnant Pacific slab in the mantle transition zone. The NCC central block
exhibits a NE-SW FVD, being consistent with the surface tectonic orientation there.
These results suggest that the cold and thick (>300 km) cratonic root of the NCC
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Tian and Zhao 2013)
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western block may obstruct the NW-SE trending mantle flow induced by the Pa-
cific plate subduction, resulting in a NE-SW trending mantle flow under the central
block. These results indicate that the corner flow in the BMW associated with the
deep subduction of the Pacific plate is the main cause of the NCC reactivation and
mantle dynamics under East China (Tian and Zhao 2013).

The upper mantle structure beneath the Middle and Lower Yangtze River re-
gion in East China has been investigated using teleseismic tomography (Jiang et al.
2013). Two pieces of high-V lithosphere are revealed: one is located at <100 km
depth, while the other is at 250—400 km depth. The two pieces of lithosphere are
separated by a low-V asthenosphere. These results suggest that asthenospheric up-
welling and lithospheric delamination have taken place in this region, which are
caused by the BMW processes above the stagnant Pacific slab (Zhao et al. 2004,
2009). Rich ejections of magmas from the BMW to the surface in the Mesozoic may
have caused a mineralization zone in this region (Jiang et al. 2013).

6.4 Southeast China

Southeast (SE) China is located at the southeastern margin of the Eurasian plate
which is interacting with the Philippine Sea (PHS) plate along the Nankai Trough,
Ryukyu arc, and around Taiwan Island. The PHS plate moves toward the northwest
at a rate of ~40 mm/year (e.g., Seno et al. 1993; Yu et al. 1997), resulting in the
Taiwan orogen which is one of the youngest and most active orogens in the world
(e.g., Sibuet and Hsu 2004). The structure and tectonics around Taiwan and SE
China have been of interest to many researchers who have investigated the detailed
bathymetry, seismicity, earthquake mechanisms, morphological features, seismo-
genic structures, and the state of strain and stress in this region (e.g., Kao et al. 1998,
2000; Wang et al. 2006; Chen et al. 2009; Cheng 2009; Wu et al. 2009; Huang et al.
2010; Zheng et al. 2013).

A high-resolution P-wave tomography of the crust and upper mantle in and
around Taiwan was determined using local and teleseismic data simultaneously
(Wang et al. 2006). A high-V anomaly was revealed from the surface down to a
depth of 300 km beneath South Taiwan, which reflects the subducted Eurasian
lithosphere (Fig. 3.13). This result indicates that the tectonic framework of Taiwan
changes from subduction in the south to collision in the north. The subducted Eur-
asian lithosphere colliding with the subducted PHS plate may have contributed to
mountain building, active seismicity and crustal deformation in and around Taiwan
(Wang et al. 20006). Zheng et al. (2013) obtained improved tomographic images in
the same region, which have confirmed the early results of Wang et al. (2006).

Huang et al. (2010) applied a tomography method (Zhao et al. 1994) to 5671
relative travel-time residuals from 257 teleseismic events recorded by 69 seismic
stations to determine the 3-D P-wave velocity model of the upper mantle under SE
China (Fig. 6.9). Their results show prominent low-V anomalies under SE China,
which may reflect the remnant magma chambers and channels of the Late Mesozoic
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Fig. 6.9 Map views of P-wave tomography beneath Southeast China (Huang et al. 2010). The
layer depth is shown below each map. The red and blue colors denote slow and fast velocities,
respectively. The velocity perturbation scale is shown at the bottom. The gray bold lines and the
black thin lines denote major faults and province boundaries in Mainland China. The red triangles
show active arc volcanoes

igneous rocks, which may be reheated by the upwelling mantle flow from the lower
mantle driven by the slab deep subductions in East Asia during the Cenozoic. High-
V anomalies are revealed in the upper mantle to the east of Taiwan, which represent
the subducted Eurasian plate. Their results also suggest that the break-off of the sub-
ducted Eurasian plate was caused by its strong interaction with the PHS plate under
central and North Taiwan. The slab break-off may have created a mantle window
through which the asthenospheric flow arises, resulting in high heat flow and rapid
uplift in the Taiwan orogeny (Huang et al. 2010).
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Xia and Zhao (2014) have used active source wide-angle seismic data to deter-
mine a high-resolution P-wave crustal tomography beneath the onshore-offshore
area of Hong Kong at the southern end of a broad belt dominated by the Late Meso-
zoic intrusive and extrusive rocks in the coastal region of SE China. They revealed a
localized high-V anomaly in the lower crust offshore between Hong Kong and Dan-
gan Island, which may reflect basaltic underplating that is closely associated with
the formation of voluminous silicic eruptions and granitoid plutons in and around
Hong Kong. Tilted high-V zones connecting with the localized high-V anomaly in
the lower crust exist in the entire crust beneath Dangan Island and the calderas of
Hong Kong. Taking into account previous results of geochemical, petrological and
numerical modeling studies, they suggested that the tilted high-V zones reflect min-
gling of mafic and felsic end members and an extreme degree of crustal partial melt
extraction necessary to generate a large amount of extrusive rocks in the calderas,
leading to cooled magma conduits as a manifestation of a solidified Late Mesozoic
magmatic plumbing system in the crust. Taking into account the petrological and
geochemical characteristics of Late Mesozoic granites and basalt in SE China, Xia
and Zhao (2014) suggested that the subduction and dehydration of the paleo-Pacific
plate might trigger the basaltic magma underplating and result in an extensive crust-
mantle interaction, which not only provided necessary heat energy to cause the
crustal partial melting, but also added minor mafic materials to the newly-generated
granitic melts. This model explains the tomographic results, as well as the intimate
mingling of coeval mafic and silicic magmas in Hong Kong. Intersecting faults
could play an important role in forming magma conduits and loci of fissure-like
volcanic centers (Xia and Zhao 2014).

Hainan Island is located in southernmost China and separated from Mainland
China by the Qiongzhou strait (Fig. 6.1). On Hainan Island, there is an active vol-
cano which has erupted many times since the Eocene. Lei et al. (2009a) determined
a P-wave tomography of the crust and upper mantle beneath Hainan using both
local and teleseismic data recorded by nine permanent seismic stations in Hainan
Island and the Leizhou peninsula. They revealed a continuous low-V anomaly from
the surface down to a depth of 250 km beneath Hainan, which is NW-SE tilting
and has a diameter of ~80 km (Fig. 5.20). This low-V zone is interpreted to be the
Hainan plume in the upper mantle (Lei et al. 2009a).

6.5 Tibetan Plateau and Southwest China

The Tibetan Plateau was created by the Indian-Asian continental collision ~50 mil-
lion years ago (Molnar and Tapponnier 1975; Yin and Harrison 2000). Several mod-
els have been proposed to explain its formation mechanism and tectonics, such
as rigid block extrusion (Tapponnier et al. 2001), crustal thickening (England and
Houseman 1986), and crustal channel flow (Royden et al. 1997), etc. Although
many studies have been made using various approaches, controversy still remains
regarding some fundamental issues, such as the nature and extent of the northward
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subducting Indian plate beneath the Tibetan Plateau, and whether the Asian plate
has underthrusted southward beneath the plateau (Zhang et al. 2012; Zhao et al.
2014).

Many findings have been obtained using the data acquired during geophysical
experiments conducted by the INDEPTH and Hi-CLIMB projects for studying the
Tibetan Plateau (e.g., Kosarev et al. 1999; Chen et al. 2010; Kind et al. 2002; Rapine
et al. 2003; Unsworth et al. 2004; Zhao et al. 2010; Zhang et al. 2012). Teleseismic
tomography has revealed a high-V zone beneath Tibet, south of the Bangong-Nuji-
ang suture, which reflects the subducting Indian lithosphere (Tilmann et al. 2003).
This interpretation is supported by receiver-function studies (e.g., Nabelek et al.
2009). Li et al. (2008) showed that the extending range of the north-dipping Indian
plate decreases from the west to the east, whereas other researchers have suggested
that the Indian plate underthrusts beneath the whole plateau (e.g., Zhou and Murphy
2005; Priestley et al. 2006). Some authors have suggested that the Asian plate is
descending beneath central and eastern Tibet (Kind et al. 2002; Kumar et al. 2006;
Nabelek et al. 2009; Chen et al. 2010; Zhao et al. 2010), whereas others have shown
that central and northern Tibet is underlain by a hot upper mantle (Rapine et al.
2003; Unsworth et al. 2004; Zhao et al. 2014).

Geological studies have shown that the uplift of eastern Tibet occurred with only
slight internal deformation, which has been explained as being due to an influx of
lower crustal flow (Royden et al. 1997; Shen et al. 2001). Many geophysical results
support this crustal flow model (e.g., Shapiro et al. 2004; Pei et al. 2007; Xu et al.
2007; Li et al. 2008; Lei and Zhao 2009; Fu et al. 2010; Wang et al. 2010; Yang
et al. 2012). Although this model has been widely accepted, the detailed flow pat-
tern is still subject to debate. Such a large-scale material flow beneath eastern Tibet,
or even the whole plateau, may be interrupted by bodies which are not adaptive
for flowing, such as the eclogited Indian crust with a higher density and a lower
temperature. The existence of strong lateral heterogeneities in the lower crust (e.g.,
Yao et al. 2008; Wang et al. 2010) is hard to explain if the flow is not interrupted.
GPS and seismic anisotropy results suggest that the extrusion may also occur in the
deep Tibetan lithosphere (Wang et al. 2008). A magnetotelluric survey revealed two
major zones or channels of high electrical conductivity at a depth of 20—40 km (Bai
et al. 2010).

Detailed P-wave tomography down to a depth of 400 km beneath central Tibet
was determined using a large number of teleseismic data recorded by portable seis-
mic stations (Zheng et al. 2007; He et al. 2010). The results show that the Indian
plate has subducted beneath central Tibet and its frontier has passed through the
Bangong-Nujiang Suture and extended northward beneath the Qiangtang Terrane
at 34° north latitude (Fig. 6.10). A low-V anomaly is revealed within the Tethyan
Himalayan Sequences close to the Yarlung-Zangbo Suture, which is the boundary
between the Tethyan Himalayan Sequences and the Lhasa Terrane. The subduc-
tion of the Indian plate has caused the east—west extension in central Tibet. The
Indian slab beneath the region has not sutured with the Asian lithospheric mantle
in the north. This tomographic result can explain many geological and geophysical
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Fig. 6.10 North-South vertical cross-section of P-wave tomography under the Tibetan Plateau
along a profile as shown on the inset map. The red and blue colors denote slow and fast velocities,
respectively. The velocity perturbation scale is shown at the bottom. White dots denote earthquakes
that occurred within a 100 km width of the profile. The red squares on the map show the portable
seismic stations used for the tomographic imaging. (Modified from Zheng et al. 2007).

features, such as the strong seismic anisotropy in the upper mantle and the K-rich
and ultra-potassic lavas in northern Tibet (Zheng et al. 2007; He et al. 2010).

A 3-D P-wave velocity model of the crust and upper mantle down to a depth of
400 km beneath eastern Tibet was obtained using many portable seismic stations of
the ASCENT project and the Namche Barwa Broadband Seismic Network (Zhang
et al. 2012). They collected 16,508 arrival times of P, Pn and Pg phases from 573
local and regional earthquakes and 7450 P-wave arrivals of 435 teleseismic events.
Such a high-quality data set enabled a higher-resolution tomography under east-
ern Tibet to be obtained than in previous studies. Low-V zones were found not to
be interconnected well at a shallow depth, suggesting complex material flows in
the study region. The Indian plate is underthrusting sub-horizontally under eastern
Tibet, and its extent decreases from the west to the east. In the north, the Asian
lithospheric mantle is detected under the vicinity of the Qaidam Basin. Between the
subducting Indian and Asian slabs, there is an obvious low-V anomaly which may
reflect an upwelling mantle flow (Zhang et al. 2012).

P-wave tomography of the crust and upper mantle beneath western Tibet has
been obtained using local and teleseismic data recorded by portable seismic sta-
tions deployed by the ANTILOPE project (Zhao et al. 2014). This new tomography
shows that the Indian plate is currently sub-horizontal and underthrusting to the Jin-
sha river suture at ~ 100-250 km depths, suggesting that the subduction process has
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evolved over time. The Asian plate is also imaged clearly from the surface down to
a depth of ~ 100 km, and it is located under the Tarim Basin north of the Altyn Tagh
fault. The Indian and Asian plates are separated by a prominent low-V zone under
northern Tibet, which may account for the warm crust and upper mantle beneath
that region, and thus explain the different features of magmatism between southern
and northern Tibet. High-V zones are revealed beneath the Lhasa terrane, which
may reflect the reconstructed Tibetan crust and Lhasa lithosphere which have inter-
rupted the crustal flow under the westernmost Tibetan plateau (Zhao et al. 2014).

Many tomographic studies have been made for the crustal and upper mantle
structure beneath the so-called North-South Seismic Belt which is located at the
eastern margin of the Tibetan Plateau (e.g., Huang et al. 2002; Wang et al. 2003,
2010; Lei and Zhao 2009; Li et al. 2013b; Wei et al. 2013; Cheng et al. 2014;
and the many references therein). Wang et al. (2010) collected a large number of
P- and S-wave arrival-time data of both local earthquakes and teleseismic events
to invert simultaneously for P- and S-wave velocity tomography in the crust and
upper mantle. Their P- and S-velocity images are generally consistent with each
other from the crust to the mantle transition zone (Fig. 6.11). The North-South
Seismic Belt exhibits significant lateral heterogeneities from the mountainous
areas of southeastern Tibet to the Yangtze Platform. Low-V anomalies exist in
the upper crust beneath the Sichuan basin, being consistent with the surface geo-
logical features that the foreland basin contains primarily Mesozoic and Paleozoic
sedimentary rocks with a thickness of several kilometers. The deep part of the
Yangtze Platform is characterized by a cratonic lithosphere dipping southwest-
ward down to a depth of 400 km beneath the southeastern margin of the Tibetan
Plateau, in sharp contrast to low-V anomalies in the upper mantle beneath the
Songpan-Ganzi Fold System and the Northwest Qiangtang Block. In the lower
crust and uppermost mantle, a low-V layer is revealed west of the Yangtze Plat-
form, reflecting a lower-crustal flow. The seismotectonics in the North-South
Seismic Belt is controlled by the lower-crustal ductile flow and strong heteroge-
neities in the upper mantle under SW China, in addition to the dominant role of the
India-Asia collision (Wang et al. 2010). The detailed 3-D crustal and uppermost
mantle structure has been investigated for the source areas of the 2008 Wenchuan
earthquake (M 8.0) and the 2013 Lushan earthquake (M 7.0) which occurred in
the Longmenshan fault zone of the North-South Seismic Belt, and the results show
that the nucleation of the two large earthquakes was affected by fluids in the lower
crust flow (Lei and Zhao 2009; Li et al. 2013D).

The active Tengchong volcano is located in the western part of Yunnan Province
in SW China. A high-resolution local tomography of the crust and upper mantle
beneath Yunnan was determined using a large number of local and teleseismic data
(Lei et al. 2009b). A clear low-V column is revealed in a depth range of 0—400 km
beneath the Tengchong volcano and high-V anomalies exist in the mantle transition
zone. Taking into account the tomographic image and geochemical and geological
results, Lei et al. (2009b) suggested that Tengchong is a rift-related volcano caused
by a hot upwelling flow associated with deep subduction and dehydration of the
Indian plate (or the Burma microplate).
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Fig. 6.11 a—f Vertical cross-sections of P- and S-wave velocity images along the lines shown
on the inset map. The white dots denote the background seismicity within a 20 km width of each
profile. The green and gray dashed lines show the Moho and 410 km discontinuities. The red and
blue colors denote low and high velocities, respectively. The velocity perturbation (in %) scale
is shown beside (¢). The surface topography is shown atop each profile. The red triangles denote
the Tengchong volcano. The arrows above each section show the locations of active faults. /C
Indochina, SCF South China System, YP Yangtze Platform, CDF Chuan-Dian Fragment, LB Lhasa
Block, OB Qiangtang Block, SG Songpan-Ganzi Fold System, SB Sichuan Foreland basin, RF' Red
River fault, AF Anninghe fault, X7 Xiaojiang fault, GF Gaoligong fault, LM Longmen-Shan fault,
XHF Xianshuihe fault. (After Wang et al. 2010)
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A 3-D P-wave anisotropy tomography beneath SE Tibet and adjacent regions
was determined by applying the method of Wang and Zhao (2008, 2013) to a large
number of arrival-time data of local and teleseismic events (Wei et al. 2013). A
low-V layer of ~20 km thick was revealed in the lower crust, which reflects a me-
chanically weak zone capable of flow on a geological timescale. This anisotropy
tomography shows that the flow direction changes when it encounters the mechani-
cally strong Sichuan basin (Fig. 6.12). Most of the large earthquakes (including the
2008 Wenchuan and the 2013 Lushan earthquakes) took place at the margin of the
ductile flow in the lower crust. In the upper mantle the subducting Indian plate is
imaged clearly, which has reached near the Jinsha River suture. The seismic an-
isotropy pattern changes with depth (Fig. 6.12), suggesting that the upper crust and
the lithospheric mantle deform separately beneath most parts of eastern Tibet (Wei
et al. 2013).

6.6 Summary

Recent high-resolution local and regional tomography results shed new light on the
intraplate tectonics, magmatism and mantle dynamics beneath East Asia. The main
findings of these studies are summarized as follows.

The subducting Pacific slab is stagnant in the mantle transition zone under East
China, and a big mantle wedge (BMW) has formed in the upper mantle above the
stagnant slab. The hot and wet upwelling flows in the BMW have caused the intra-
plate volcanoes in NE Asia, lithospheric thinning and the reactivation of the North
China Craton, and large intraplate earthquakes in the region.

Deep earthquakes in the Pacific slab may be related to a metastable olivine
wedge in the slab. Large deep earthquakes may release fluids preserved within the
inner part of the slab to the overlying BMW, making Changbai the largest and most
active intraplate volcano in East Asia.

Prominent low-V anomalies exist beneath SE China, reflecting remnant magma
chambers and channels of the Late Mesozoic igneous rocks, which may be reheated
by the upwelling mantle flow from the lower mantle driven by deep slab subduc-
tions in East Asia during the Cenozoic. The Eurasian plate is subducting beneath
South Taiwan. Break-off of the subducted Eurasian plate was caused by its strong
interaction with the Philippine Sea plate under central and North Taiwan. The slab
break-off may have created a window through which the asthenospheric flow arises,
resulting in high heat flow and rapid uplift in the Taiwan orogeny.

The Indian plate is subducting nearly horizontally to the entire or most parts of
Western Tibet and with a shallow dipping angle to the southernmost part of Eastern
Tibet. Hence, the high elevation and flatness of the Tibetan Plateau are caused by
different mechanisms from the west to the east. A plume-like low-V anomaly is
revealed beneath central Tibet, which may represent the upwelling of hot astheno-
spheric materials leading to the post-collisional magmatism of the region.
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Fig. 6.12 Map views of P-wave anisotropic tomography beneath eastern Tibetan Plateau and
Southwest China. The layer depth is shown at the lower-left corner of each map. The red and blue
colors denote slow and fast velocity perturbations, respectively. The azimuth and length of each
bar represent the fast-velocity direction and anisotropic amplitude, respectively. The red bars in
(a) show the results of S-wave splitting measurements of local earthquakes (Shi et al. 2006). The
scales for the velocity perturbation and anisotropic amplitude are shown below (f). The black open
circles in (¢) represent the large crustal earthquakes (M >6.0) that occurred since 1970. The white
and red dots show background seismicity in the crust and the intermediate-depth earthquakes,
respectively. The large and small red stars in (¢) represent the 2008 Wenchuan earthquake (M8.0)
and the 2013 Lushan earthquake (M7.0), respectively. The pink lines show the large active faults
and sutures in the study region. The purple dashed lines show the plate boundaries. (After Wei
etal. 2013)
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The active Tengchong volcanism is caused by an upwelling flow in the (big)
mantle wedge above the subducting Indian plate or the Burma microplate. The
Hainan volcano in southernmost China is a hot spot fed by a deep mantle plume,
whereas the Hainan plume is caused by deep subduction of the Indian plate in the
west and deep subduction of the Philippine Sea plate in the east. Interactions be-
tween the plate subduction and mantle upwelling (plume) are taking place in the
Earth’s interior.
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Chapter 7
Global Tomography and Deep Earth Dynamics

Abstract High-resolution global tomography models shed new light on the deep
structure and fate of subducting slabs and the origin of hotspots and mantle plumes,
as well as deep Earth dynamics. Ray paths of direct and reflected P-waves in a 3-D
global velocity model deviate up to 100 km from those in a 1-D Earth model, and
the differences in their travel times in the 1-D and 3-D velocity models amount to
~4 s, indicating the necessity of using a 3-D ray tracing technique to calculate ray
paths and travel times precisely in global tomographic studies. Ten kinds of later
phases transmitted and reflected in the mantle and core are used to conduct global
tomographic inversions, and it is found that the later phase data can greatly improve
the ray path coverage in the mantle and hence the resolution of mantle tomogra-
phy. Whole-mantle heterogeneities outside the target volume of a regional tomogra-
phy can cause significant changes (~0.2-0.4 s) to the observed relative travel-time
residuals of a teleseismic event. The pattern of regional tomography remains the
same even after correcting for the whole-mantle heterogeneity, but there are some
changes in the amplitude of velocity anomalies in regional tomography. Hence, it is
necessary to correct for mantle heterogeneity outside the target volume in order to
obtain a better regional tomography.

Keywords Global tomography *+ Geodynamics * Subducting slabs - Mantle plumes -
Hotspots

Since the pioneering work of Dziewonski et al. (1977), seismic tomography has
been applied to study the three-dimensional (3-D) seismic structure of the crust and
mantle of the whole Earth. During the past 3 decades, many global tomographic
models have been determined, which have provided deep insights into the basic
issues of geodynamics and signify a revolution in Earth sciences (Dziewonski
and Anderson 1984). The representative 3-D global models are, e.g., Dziewonski
(1984), Inoue et al. (1990), Vasco et al. (1995), Zhou (1996), van der Hilst et al.
(1997), Bijwaard et al. (1998), Boschi and Dziewonski (1999, 2000), Fukao et al.
(2001), Zhao (2001, 2004), Montelli et al. (2004), Li et al. (2008), Simons et al.
(2011), and Zhao et al. (2013) for P-wave velocity tomography, and Woodhouse
and Dziewonski (1984), Zhang and Tanimoto (1993), Su et al. (1994), Li and Ro-
manowicz (1996), Ritsema et al. (1999), Megnin and Romanowicz (2000), Grand
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(2002), Takeuchi (2007), Simons et al. (2010), and Schaeffer and Lebedev (2013)
for S-wave velocity tomography. Many workers have also determined 3-D global
models of seismic attenuation, anisotropy and density in the mantle (e.g., Tanimoto
and Anderson 1985; Montagner and Tanimoto 1991; Romanowicz 1995; Ishii and
Tromp 1999; Trampert and van Heijst 2002; Becker et al. 2003; Gung and Romano-
wicz 2004; Simons et al. 2010). Lateral depth variations of major velocity disconti-
nuities in the Earth’s interior, such as the Moho, the 410 and 660 km discontinuities,
and the core-mantle boundary (CMB), have also been investigated (e.g., Morelli
and Dziewonski 1987; Obayashi and Fukao 1997; Mooney et al. 1998; Flanagan
and Shearer 1998; Gu et al. 1998, 2012; Sze and van der Hilst 2003; Houser et al.
2008). In addition, many workers have conducted forward modeling of seismic
waveforms, which have complemented the tomographic studies and provided de-
tails of structural features, as well as small-scale patterns of mantle heterogene-
ity (e.g., Garnero and McNamara 2008; Lay and Garnero 2010; Kaneshima 2013).
These studies using different approaches have shown that structural heterogeneities
in the mantle exhibit various scales, which are associated with dynamic processes
in the mantle as well as seismic and volcanic activities and other active tectonics in
the crust and lithosphere (Zhao 2009; Zhao et al. 2013).

These global tomographic models are well resolved for large spatial scales
(>1000 km), whereas smaller-scale anomalies are not so well determined, even
though many geological objects with a lateral extent of the order of 100 km, such as
subducting slabs and mantle plumes, play a key role in global geodynamics (Becker
and Boschi 2002; Montagner 2011). These smaller-scale structural anomalies in the
crust and upper mantle are better imaged by local and regional tomographic models
which have a higher spatial resolution (~10-50 km) (e.g., Zhao et al. 2011; Zhao
2012 for the recent reviews).

After having worked on local and regional tomography for nearly 10 years, in
1999 I started my studies of global seismic tomography (Zhao 1999), being moti-
vated by the following three factors. Firstly, Engdahl et al. (1998) reprocessed the
ISC (International Seismological Center) data set by relocating the world earth-
quakes using the depth phases (e.g., pP, pwP, sP), resulting in a new ISC data set
having much better quality than before. Bijwaard et al. (1998) obtained an impres-
sive P-wave tomography model of the whole mantle using the reprocessed ISC
data set. I became used to the high-quality arrival-time data recorded by the dense
local and regional seismic networks in Japan and California and disliked the poor-
quality ISC data. The improved ISC data set by Engdahl et al. (1998) and the new
tomography model of Bijwaard et al. (1998) motivated me to use the new ISC data
for a global tomography study. Secondly, Mooney et al. (1998) published a global
map of the Moho topography, and Flanagan and Shearer (1998) published global
topography maps of the 410 and 660 km discontinuities. One main feature of my
tomographic method (Zhao 1991; Zhao et al. 1992) is that it can deal with complex-
shaped velocity discontinuities, and our studies of local and regional tomography
have shown that a better tomographic model can be obtained if depth variations
of velocity discontinuities (e.g., the Conrad, the Moho, and the subducting slab
boundary) are taken into account (e.g., Zhao et al. 1992, 1994, 1995). When see-
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ing the results of Mooney et al. (1998) and Flanagan and Shearer (1998), I thought
to conduct a global tomography considering the topography of the Moho, 410 and
660 km discontinuities. Thirdly, till 1999 almost all the global tomography studies
focused on the imaging of subducting slabs, the cold limbs of mantle convection,
whereas few studies focused on the hotspots and mantle plumes, the hot limbs of
mantle convection. This was mainly because subducting slabs are generally located
beneath continental regions which are covered by seismic networks, and so the
slabs are relatively easier to image with seismic tomography, whereas most of the
hotspots are located in oceanic regions or poorly instrumented continental regions,
such as Africa and Antarctica, hence hotspots and mantle plumes are hard to image
seismologically. I thought it interesting to challenge this difficulty by detecting and
imaging mantle plumes using global tomography.

Because a great number of global tomography studies have been made during
the past 3 decades, as mentioned above, it would be impossible to review all of
them here. Hence, in this chapter I draw mainly on the global tomographic studies
in which I was involved. The interested reader is referred to a few other compre-
hensive reviews on this topic, e.g., Dziewonski and Romanowicz (2007), Kind and
Li (2007), Lay (2007), Romanowicz and Mitchell (2007), Thurber and Ritsema
(2007), Rawlinson et al. (2010), and Montagner (2011).

7.1 Global Tomographic Inversion

Zhao (2001) determined a P-wave tomographic model of the whole crust and man-
tle, which has the following features when compared with the previous models:
(1) depth variations of the Moho, 410 and 670 km discontinuities (Mooney et al.
1998; Flanagan and Shearer 1998) were taken into account; (2) the boundary-grid
parameterization scheme (Zhao et al. 1992) was adopted to express the 3-D Earth’s
structure; (3) an efficient 3-D ray-tracing technique (Zhao et al. 1992) was modified
to compute travel times and ray paths at the global scale; and (4) a large number of
arrival times of first P phase and reflected (pP, PP, PcP) phases (Fig. 7.1) from the
reprocessed ISC data set (Engdahl et al. 1998) were used. Zhao (2004) improved the
model of Zhao (2001) using an updated ISC data set, in particular, adding the CMB-
diffracted (Pdiff) phase data (Fig. 7.1). The tomographic model of Zhao (2004) ex-
plains well a new set of high-quality arrival-time data of the first and later P phases
manually collected from original seismograms (Zhao et al. 2006), and it was used
to examine the detailed mantle structure beneath 60 possible hotspots on the Earth
(Zhao 2007).

One problem of the tomographic models of Zhao (2001, 2004) is in the setup of
grid nodes for expressing the 3-D mantle structure. The grid nodes were arranged
along the latitudinal and longitudinal lines (the geographic grid; Fig. 7.2a), and the
number of grid nodes is the same in the east-west direction, thus the grid interval
becomes smaller and smaller toward the North Pole and the South Pole. Although
the effect of such a gridding was reduced by applying smoothing and damping regu-
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Fig 7.1 Schematic illustration of ray paths of P, pP, PP, PcP and Pdiff waves. The star symbol
denotes a hypocenter. The cross symbols denote seismic stations

larizations to the tomographic inversion, it still affected precise determination of the
mantle structure under the polar regions.

To overcome this problem, Zhao et al. (2013) determined a new global P-wave
tomography model using the method of Zhao (2004) but adopting a flexible-grid
parameterization (Fig. 7.2b, c). In their computer program of the flexible-grid to-
mography, grid nodes can actually be arranged at any sites rather than along the lati-
tudinal and longitudinal lines as in the geographic-grid approach (Fig. 7.2a). In the
model of Zhao et al. (2013), grid nodes are arranged as those shown in Fig. 7.2b, c.
In the east-west direction, the number of grid nodes is reduced gradually from the
equator toward the North Pole and the South Pole, and the distance between two
adjacent grid nodes is nearly the same everywhere in the model (Fig. 7.2b). In the
depth direction, 19 layers of grid mesh are set up with intervals of 15-250 km in
depth (Fig. 7.2¢). The number of nodes in each mesh layer is reduced with depth: it
is 10,338 in the mesh layer at a depth of 15 km, while 3301 in the layer at a depth
of 2800 km. Thus the distance (in kilometer) between adjacent nodes in the lateral
direction is nearly the same for the grid meshes at different depths. This is also dif-
ferent from the geographic-grid adopted by Zhao (2001, 2004) where the number
of nodes is the same in every grid meshes at different depths, hence the lateral
grid interval becomes smaller with depth in Zhao (2001, 2004). For a lateral grid
interval of 2° at the equator (222 km at the surface) and 19 mesh layers in the verti-
cal direction from the crust (15 km depth) to the bottom of the mantle (2800 km
depth), there are a total of 138,917 nodes in the flexible grid, whereas the node
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Fig 7.2 a Geographic grid and b flexible grid adopted for conducting global tomography. ¢ Dis-
tribution of grid nodes in a vertical cross-section passing through the center of Earth. (Modified
from Zhao et al. 2013)

number is 90 x 180 x 19=307,800 in the geographic grid with the same grid interval
at the equator (2°). Hence, the flexible grid (Fig. 7.2b, ¢) can better express the 3-D
mantle structure with less than a half of nodes as in the geographic grid (Fig. 7.2a).
P-wave velocity perturbations from the iasp91 1-D Earth model (Kennett and Eng-
dahl 1991) at every grid nodes are taken to be unknown parameters. The velocity
perturbation at any point in the model is calculated by linearly interpolating the
velocity perturbations at the eight grid nodes surrounding that point. The global 3-D
ray tracing technique (Zhao 2001; Zhao and Lei 2004) was used to calculate theo-
retical travel times and ray paths for the first P-wave and later phase (PP, pP, PcP,
and Pdiff) data. The large and sparse system of observation equations was solved
using the LSQR algorithm (Paige and Saunders 1982) with damping and smoothing
regularizations (Zhao 2001, 2004; Zhao et al. 2013).

Zhao et al. (2013) used the ISC arrival-time data of earthquakes recorded by
6765 seismic stations in the world (see Fig. 1.7), which were reprocessed by Dr.
E.R. Engdahl (for details, see Engdahl et al. 1998; Engdahl 2006). The continental
regions are generally well covered by the seismic stations (Fig. 1.7b). Although the
oceanic regions are still poorly covered, the data set used contains more stations in
the oceans than those in previous tomographic studies (e.g., Zhao 2001, 2004). To
select a best set of earthquakes for the tomographic inversion, the crust and mantle
are divided into cubic blocks with a size of 40 kmx 40 kmx 20 km. Among the many
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earthquakes within each block, only one event was selected that had the maximum
number of arrival-time data and the minimum uncertainty in the hypocentral loca-
tion. As a result, 12,657 earthquakes were selected (Fig. 1.7a), each of which was
recorded by over 50 seismic stations. Most of the selected events were actually
recorded by hundreds of stations. The hypocentral locations of the selected events
were generally well constrained with the depth-phase (pP) data in addition to the
direct P-wave data (Engdahl 2006), and the uncertainty in the hypocenter location
is generally smaller than 5 km.

Similar to Zhao (2004), Zhao et al. (2013) used five kinds of P-wave data (Fig. 7.1)
in their tomographic inversion, which are the direct P-wave, the depth-phase (pP),
the surface reflected wave (PP), the reflected wave at the CMB (PcP), and the CMB-
diffracted wave (Pdiff) (Fig. 7.1). In total, 1,566,508 P, 65,912 pP, 36,615 PP, 18,712
PcP, and 34,230 Pdiff arrival times from the 12,657 events were used in the to-
mographic inversion (Zhao et al. 2013). The total number of arrival times used is
1,721,977. The surface topography and bathymetry at the pP and PP bouncing points
were considered in the 3-D ray tracing. The arrival times used were corrected for the
ellipticity of the Earth (Kennett and Gudmundsson 1996). The ray path coverage is
improved greatly by the use of later-phase data, in particular, under oceanic regions
(Zhao et al. 2013). Many PP rays pass through the upper mantle under the Pacific,
Atlantic and Indian oceans, which are very useful to constrain well the upper-mantle
structure under the oceanic regions. The Pdiff data are very important and effective
for determining the structure of the D” layer in the lowermost mantle (e.g., Wyses-
sion et al. 1992; Sylvander et al. 1997; Zhao 2004). Unfortunately, the distribution
of the Pdiff segments at the CMB is still poor in the southern hemisphere due to the
sparse distribution of seismic stations there (Fig. 1.7b). The data coverage is very
good in the Arctic region, because there are many seismic stations in the continental
regions surrounding the Arctic Ocean, and earthquakes occur actively in and around
the Arctic (see Fig. 1.7a). Hence, the mantle structure is well constrained under the
Arctic region (Zhao et al. 2013). However, the data coverage in the Antarctic region
is not very good, because there are not many seismic stations and earthquakes there
(Fig. 1.7). Hence, the mantle tomography has a lower resolution under Antarctica
(see the results of detailed resolution analyses in Zhao et al. 2013).

Many tomographic inversions were performed with grid intervals of 1-10°, and
the obtained 3-D velocity models exhibited nearly the same pattern (Zhao et al.
2013). The optimal model with a grid interval of 2° is shown in Figs. 7.3, 7.4, 7.5
and 7.6. Note that the bottom grid mesh for the inversion was set up at a depth of
2800 km, which represents the average velocity image of the lowermost mantle (the
D” layer). One layer of grid mesh was set up at a depth of —200 km, and another
grid layer was set up at a depth of 3500 km, which were not included in the inver-
sion but only for calculating the velocity perturbations between —200 and 15 km
depths and those between 2800 km depth and the CMB by linear interpolation. The
60 possible hotspots compiled by Zhao (2007) are also shown in the tomographic
images (Figs. 7.3-7.6)

The overall pattern of the model of Zhao et al. (2013) is similar to those of Zhao
(2001, 2004) and other P-wave tomographic models, but there are some differences
in the polar regions, which are caused by the differences between the flexible grid
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Fig. 7.3 Map views of P-wave tomography at depths of 15-900 km. The red and blue colors
denote low and high velocities, respectively. The velocity perturbation (in %) scale is shown at the
bottom. The red triangles denote the possible hotspots. (After Zhao et al. 2013)
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2100 km

Fig. 7.4 The same as Fig. 7.3 but for P-wave tomography at depths of 1100-2800 km. (After Zhao
etal. 2013)
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Fig. 7.5 The same as Fig. 7.3 but for P-wave tomography beneath the Arctic region. (After Zhao
etal. 2013)

and the geographic grid in both lateral and vertical directions (Fig. 7.2). The new
model (Figs. 7.3-7.6) contains the general features observed in the previous global
models determined by travel-time tomography. In the crust and shallow part of the
mantle (0-300 km depth), a low-velocity (low-V) ring is revealed under the cir-
cum-Pacific regions, which corresponds to the belt of active arc volcanoes and hot
upper-mantle wedge above subducting slabs under the circum-Pacific subduction
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Antarctic

Fig. 7.6 The same as Fig. 7.3 but for P-wave tomography beneath the Antarctic region. (After
Zhao et al. 2013)

zones. In contrast, high-velocity (high-V) zones appear under the old and stable
continental regions, such as the Eurasian and North American cratons, which indi-
cate that the differences between continents and oceans persist down to a depth of
~300 km. Similar to the previous models (e.g., Zhao 2001, 2004), the new model
shows strong and broad high-V anomalies in the mantle transition zone (MTZ,
410-660 km depth) under back-arc regions of the subduction zones, which reflect
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Fig. 7.7 Vertical cross-section of P-wave tomography from the Earth’s surface down to the bot-
tom of the mantle passing through Japan, Tahiti and Afar. The image in the central circle shows
the tomography of the D” layer above the core-mantle boundary. The red, green and blue col-
ors denote lower, average and higher velocities, respectively. The scale of velocity perturbations
(in %) is shown beside the image. (Modified from Zhao et al. 2012a)

the subducting slabs stagnant in the MTZ (e.g., Fukao et al. 2001; Zhao 2001, 2004;
Zhao et al. 2013).

In the top part of the lower mantle (700-900 km depth), the circum-Pacific high-
V zones become less clear or absent (Fig. 7.3). Under the South-Central Pacific and
East Africa where two superplumes are considered to exist, low-V zones dominate
in the mantle (Figs. 7.3, 7.4 and 7.7-7.10). A long and thin high-V belt is clearly
visible in the lower mantle under North and Central America (Figs. 7.4, 7.8 and
7.9), which represents the old Farallon slab that has subducted deeply in the lower
mantle (e.g., van der Hilst et al. 1997; Bijwaard et al. 1998; Grand 2002; Zhao 2001,
2004). Detailed resolution analyses were made, which confirmed that these features
are reliable and robust (Zhao et al. 2013).

High-V anomalies dominate in the crust and upper mantle (0-300 km depth) be-
neath the Arctic region, which reflects the thick continental lithosphere of the North
American and Eurasian cratons, whereas low-V anomalies dominate at depths of
750-1500 km (Fig. 7.5). In the lowermost mantle under Arctic, a low-V zone ap-
pears under North America, while a high-V zone exists under Eurasia. Beneath the
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Fig. 7.8 The same as Fig. 7.7 but a vertical cross-section passing through North America, Hawaii
and Indonesia. (Modified from Zhao et al. 2013)

Iceland and Jan Mayen hotspots, a localized low-V zone is clearly visible at depths
of 0-500 km, whereas it becomes wider at depths of 750-1500 km and less promi-
nent at depths of 2300-2800 km (Fig. 7.5).

Beneath the Antarctic region, the velocity is generally lower in the upper man-
tle (15-500 km depth), whereas it becomes higher at depths of 1900-2800 km
(Fig. 7.6). The velocity is lower under the active West Antarctica than that beneath
East Antarctica which is a stable cratonic region (e.g., Kobayashi and Zhao 2004;
Gupta et al. 2009). Beneath the Erebus and Balleny hotspots, a prominent low-V
zone appears from the crust down to a depth of ~1500 km, which is narrow in the
upper mantle but becomes wider in the lower mantle (Fig. 7.6). High-resolution lo-
cal and regional tomography studies using body-wave and surface-wave data have
revealed a clear narrow low-V zone in the upper mantle under the Erebus hotspot,
which may be a mantle plume (e.g., Kobayashi and Zhao 2004; Watson et al. 2006;
Gupta et al. 2009).

The subducting slab related high-V zones and mantle upwelling related low-
V anomalies show up more clearly in the whole-mantle vertical cross-sections
(Figs. 7.7-7.10). Many more cross-sections of mantle tomography beneath subduc-
tion zones were presented in Zhao et al. (2013). The subducting oceanic slabs are
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Fig. 7.9 The same as Fig. 7.7 but a vertical cross section passing through Bering Sea, Central
America and Indonesia. (Modified from Zhao et al. 2013)

Fig. 7.10 The same as Fig. 7.7 but vertical cross-sections passing through a Afar, Central Africa,
Antarctic, and b New Zealand, Mt. Erebus, and Canary. (Modified from Zhao et al. 2013)
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generally well imaged as high-V zones in the upper mantle. The slabs have sub-
ducted down to the lower mantle under the Sea of Okhotsk, Mariana, Indonesia, and
Central and South America. The Pacific slab becomes stagnant in the MTZ under
western Alaska, Bering Sea, and Eastern Eurasia (Zhao et al. 2010, 2013). Whole-
mantle P-wave tomographic images under 60 possible hotspots were presented in
Zhao et al. (2013), which are generally consistent with those shown in Zhao (2007).
Although slow anomalies generally appear under the hotspots, the images are vari-
able and complex. The tomographic images of subducting slabs and hotspots and
their implications for deep Earth dynamics are discussed in Sect. 7.5.

7.2 Global 3-D Ray Tracing

Three-dimensional (3-D) seismic ray tracing, i.e., determination of ray paths and
travel times in a 3-D seismic velocity model, is one of the key elements in travel-
time seismic tomography. Fast and precise 3-D ray tracing is essential for all tomo-
graphic studies, because usually a great number of arrival-time data are used and,
for each datum, ray tracing is employed several times for earthquake relocation and
3-D velocity model determination. The accuracy of ray tracing dictates the quality
of a final tomographic result. Now almost all local and regional tomographic stud-
ies are using 3-D ray tracing techniques to compute travel times and ray paths (see
Zhao 2012 for the recent review). However, due to a great number of data used,
many global tomography studies are still using the 1-D ray tracing method, i.e., ray
paths are calculated for a 1-D velocity model where velocity changes with depth
alone, and the ray paths are fixed during the inversion process, and ray path varia-
tions resulting from the lateral velocity heterogeneity are not considered.

Thanks to significant advances in computer technology, 3-D ray-tracing schemes
have been applied to conduct global tomographic inversions during the past decade
(e.g., Bijwaard and Spakman 2000; Gorbatov et al. 2001; Zhao 2001, 2004; Simons
et al. 2011; Zhao et al. 2013). Bijwaard and Spakman (1999) examined ray path
variations of the first P-waves in their 3-D mantle velocity model. They found that
for a direct P-wave with an epicentral distance of 87° (note that 1°=111.2 km), its
ray path is displaced by nearly 100 km and its travel-time change is greater than
2 s in their 3-D velocity model, in comparison with those in a 1-D velocity model.

The Moho depth changes from ~ 10 km under oceans to 40—70 km beneath con-
tinental regions (e.g., Mooney et al. 1998). The 410 and 660 km discontinuities ex-
hibit depth variations of up to 36 km at the global scale (e.g., Flanagan and Shearer
1998; Houser et al. 2008). Such large depth variations of the three discontinuities
would certainly influence travel times and ray paths of seismic waves propagating
in the mantle.

Zhao and Lei (2004) used a 3-D ray-tracing method (Zhao et al. 1992; Zhao
2001) to investigate deviations in ray paths and travel times of P, pP, PP, and PcP
phases due to lateral velocity variations in the crust and mantle (Zhao 2001) as well
as depth variations of the Moho, 410 and 660 km discontinuities (Mooney et al.
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Fig. 7.11 Map showing the locations of three vertical cross-sections (48, CD and EF) in which
seismic ray paths are investigated. The stars and open triangles denote hypothesized earthquake
hypocenters and seismic stations, respectively. The solid triangles denote the surface hotspot
volcanoes except for those in East China ( WV, Wudalianchi volcano; DV, Datong volcano; CV,
Changbai volcano). 74, Tahiti hotspot. (Modified from Zhao and Lei 2004)

1998; Flanagan and Shearer 1998). The principle of the 3-D ray-tracing technique
of Zhao et al. (1992) is to perturb an initial ray estimate iteratively using Snell’s
law at velocity discontinuities and the pseudo-bending technique (Um and Thurber
1987) in continuous media between discontinuities, until a convergent solution is
obtained which gives the minimum travel time. This ray-tracing scheme can deal
with a general velocity model including several velocity discontinuities of complex
geometry and having 3-D velocity variations everywhere in the model. It is adapt-
able to tracing the first arrivals as well as reflected and converted waves (for details,
see Zhao et al. 1992; Zhao and Lei 2004; Ballard et al. 2009; and Chap. 2 of this
book). The modified version of the 3-D ray-tracing algorithm (Zhao 2001, 2004)
yields accurate results with computational error in travel times smaller than 0.05 s,
which is considered to be accurate enough, because the uncertainty of arrival-time
pickings is generally 0.1 s or greater for the mantle rays at the global scale. The 3-D
ray-tracing code can deal with not only the first P and S rays but also reflected and
converted waves in the mantle and core, such as pP, sP, PP, PcP Pdiff, PKKP, and
PKiKP, etc. (Zhao 2001, 2004; Lei and Zhao 20064, b).

To illustrate the significant changes in ray path and travel time of seismic waves
at the global scale, here we show a few examples of 3-D ray tracing for three regions
(Fig. 7.11): (1) Western Pacific to East Asia where the high-V subducting Pacific
slab exists and the big mantle wedge (BMW) above the slab exhibits significant
low-V anomalies (Fig. 7.12a, c); (2) South-Central Pacific where the Pacific super-
plume exists and exhibits very slow anomalies in the whole mantle (Fig. 7.12b);
and (3) the Tibetan Plateau which has a very thick crust (i.e., very deep Moho) and
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Fig. 7.12 One-dimensional (1-D) and three-dimensional (3-D) ray paths of P, pP, PP and PcP
phases and P-wave tomography along the profile AB (a, ¢) and CD (b) in Fig. 7.11. The blue and
red colors denote fast and slow velocities, respectively. The dotted and solid lines denote 1-D and
3-D rays, respectively. The two dashed lines show the 410 and 660 km discontinuities. The Moho
is taken to be a spherical surface at a depth of 35 km. The solid triangles denote active volcanoes,
the small white dots in (a) and (¢) show earthquakes that occurred within a 150-km width of the
profile AB. The stars and open triangles denote hypothesized earthquake hypocenters and seismic
stations, respectively. JA4 Japan arc, JT Japan trench, M7Z the mantle transition zone. (Modified
from Zhao and Lei 2004)

complex structures in the crust and upper mantle (e.g., Zheng et al. 2007; He et al.
2010; Zhang et al. 2012).

7.2.1 Effect of Lateral Velocity Variations

The 1-D and 3-D ray paths of P, pP, PP and PcP phases under East Asia and South-
Central Pacific are shown in Fig. 7.12. A focal depth of 300 km is assumed, though
any other focal depths are feasible. Here the 3-D ray paths mean those which are
determined using the 3-D ray tracing scheme (Zhao et al. 1992) for a velocity model
with 3-D P-wave velocity variations (Zhao 2001), whereas the Moho (at a depth of
35 km), 410 and 660 km discontinuities are assumed to be spherical interfaces with-
out lateral depth variations. The 1-D ray paths are those determined using the same
ray-tracing scheme to a 1-D velocity model which is the average of the 3-D model
for each depth. The average 1-D velocity model is nearly the same as the iasp91
Earth model; the difference between them is < 1% (Zhao 2001).
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In addition to the travel time (T11) spent by a 1-D ray path in the 1-D velocity
model and that (T33) taken by a 3-D ray path in the 3-D velocity model, we also
computed the travel time (T13) of a 1-D ray path with velocities of the 3-D model
and that (T31) of a 3-D ray path with velocities of the 1-D model (Zhao and Lei
2004). In most previous global tomographic inversions (e.g., Inoue et al. 1990),
ray paths were fixed to those in a 1-D velocity model, whereas travel times were
updated using the 3-D velocity distribution obtained after each iteration during the
inversion process. The differences among the four travel times (T11, T33, T13, and
T31) for the four kinds of mantle phases (P, pP, PP, and PcP) were examined by
Zhao and Lei (2004).

For the rays under Western Pacific and East Asia (Fig. 7.12a), the travel-time
differences are relatively small (<0.2 s), and the ray-path deviations are generally
<33 km. These relatively small differences in both travel time and ray path are
due to the alternative low-V and high-V anomalies along the rays (Fig. 7.12a). For
the rays under South Pacific, however, the travel-time differences become much
greater, amounting to 3.1 s, because of the huge low-V anomaly associated with
the Pacific superplume (Fig. 7.12b). The differential times (T13-T33) amount to
0.7 s, which is much greater than the picking error of the arrival-time data recorded
by short-period seismometers (0.1-0.3 s), as is the case for the ISC data set. These
results suggest that the 1-D ray tracing could cause large computational errors for
rays which pass through strong velocity anomalies, such as subducting slabs and
mantle plumes. Zhao and Lei (2004) showed that T33 is smaller than T13 for all the
cases, indicating that the 3-D ray tracing is always better than the 1-D ray tracing.

Ray trajectories are sensitive to velocity gradients in both lateral and vertical
directions, and they are apt to move toward faster areas in a 3-D velocity field,
which is clearly visible in Fig. 7.12. Due to the slow anomaly in the BMW under the
Changbai volcano and above the Pacific slab, the PP bouncing point at the surface
is displaced by 16 km toward the west (Fig. 7.12a). The easternmost segment of PP
is elevated by 27 km to escape the slow anomaly under the subducting Pacific slab
(Fig. 7.12a). Because of the high-V stagnant slab in the MTZ, the western portion
of the long segment of pP is elevated by 12 km (Fig. 7.12a). The PcP bouncing point
at the CMB moves by 18 km westward from a low-V zone to a high-V patch in the
lowermost mantle (Fig. 7.12a).

The most significant deviation in ray path occurs for the northern segment of
PcP under South Pacific (Figs. 7.12b). The horizontal, vertical, and total deviations
of the PcP ray are 26, 48, and 77 km, respectively. The PcP ray is displaced from
the large low-V Pacific superplume toward a high-V area in the north (Fig. 7.12b).
The northern segment of pP is moved by 32 km toward a high-V zone in the north
(Fig. 7.12b). In addition, the PP bouncing point at the surface is displaced by 20 km
toward the north to escape the slow anomaly under Tahiti.

Most of the PP and pP rays travel long in and around the MTZ and their paths
show complex changes because of the existence of high-V slabs and low-V plumes
in the region. Hence, computing travel times and ray paths of PP and pP phases
precisely using a 3-D ray tracing scheme is particularly important and necessary for
global tomography (Zhao and Lei 2004).
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Figure 7.12c shows five pairs of 1-D and 3-D rays for the direct P-waves pass-
ing through the upper mantle and the MTZ under Western Pacific from an assumed
hypocenter at a depth of 75 km within the Pacific slab. The epicentral distances of
the five P rays are 14, 17, 20, 25 and 29°, respectively. The high-V Pacific slab and
the low-V anomalies in the BMW and below the slab lead to significant changes in
travel time and ray path. For the rays P1-P5 (Fig. 7.12c¢), the differential travel-time
(T11-T33) is —0.64, 0.11, 1.58, 2.24 and 1.11 s, respectively, and the maximum
displacement in ray path is 6, 19, 10, 9 and 8 km, respectively. It is visible that the
rays bend toward the high-V slab and escape from the low-V zones (Fig. 7.12c¢).

7.2.2  Effect of Discontinuity Topography

Figures 7.13, 7.14 and 7.15 show changes in P, pP and PP ray paths caused by depth
variations of the Moho, 410 and 660 km discontinuities revealed by Mooney et al.
(1998) and Flanagan and Shearer (1998). The iasp91 Earth model is adopted for
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Fig. 7.13 Ray paths of P, pP and PP phases along the profiles AB (a) and CD (b) in Fig. 7.11. The
dotted lines denote rays in the 1-D iasp91 model. The solid lines show the rays in a heterogeneous
model with lateral depth variations of the Moho discontinuity. The 410 and 660 km discontinuities
are assumed to be spherical interfaces without lateral depth variations. The dashed lines denote the
410 and 660 km discontinuities and the global-average Moho discontinuity at a depth of 35 km.
The Moho depth variations (Mooney et al. 1998) along the profiles 4B and CD are shown in thin
solid lines. The iasp91 Earth model is used for the 1-D velocities in each layer. Lateral variations
in seismic velocity are not considered. (Modified from Zhao and Lei 2004)
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Fig. 7.14 The same as Fig. 7.11 but for rays (solid lines) in a velocity model with a flat Moho
at a depth of 35 km and with lateral depth variations of the 410 and 660 km discontinuities from
the model of Flanagan and Shearer (1998). The dotted lines denote rays in the 1-D iasp91 model.
(Modified from Zhao and Lei 2004)

the 1-D P-wave velocities in the crust and mantle, whereas lateral velocity varia-
tions are not considered. Ray paths in the models with the discontinuity topography
are compared with those in the 1-D iasp91 model where the Moho (at a depth of
35 km), 410 and 660 km discontinuities are taken to be spherical interfaces without
lateral depth variations (Figs. 7.13-7.15).

Ray path changes due to the Moho topography alone are shown in Fig. 7.13. The
Moho depth ranges from 12 to 38 km along the profile AB, and from 11 to 14 km
along the profile CD. The PP bouncing point at the surface is displaced by 34 km in
Fig. 7.13a and 40 km in Fig. 7.13b, which are caused by the Moho depth variations.
The maximum change in the pP ray path is 17 km along the profile AB and 11 km
along the profile CD. The P rays are not affected much by the Moho topography,
though their travel times have significant changes. The changes in P, pP and PP
travel times are 0.91, 0.91, and 1.10 s, respectively, beneath Western Pacific and
East Asia (Fig. 7.13a), and their changes under South Pacific (Fig. 7.13b) are 0.91,
3.02, and 3.87 s, respectively. The Moho depth changes from 39 to 60 km along the
profile EF passing through the Tibetan Plateau (Fig. 7.11). For the three direct P
rays along the profile EF, the travel-time changes are 1.1-2.1 s, and their maximum
ray-path deviations are 9-17 km (Zhao and Lei 2004).

Figure 7.14 shows ray-path changes due to depth variations of the 410 and 660
discontinuities under East Asia and South Pacific. The Moho is assumed to be flat
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Fig. 7.15 The same as Fig. 7.14 but for rays (solid lines) in a velocity model with lateral depth
variations of the Moho, 410 and 660 km discontinuities from the models of Mooney et al. (1998)
and Flanagan and Shearer (1998). The dotted lines denote rays in the 1-D iasp91 model. (Modified
from Zhao and Lei 2004)

at a depth of 35 km. The direct P-waves are only slightly affected by the topogra-
phy of the 410 and 660 km discontinuities, and their maximum ray-path deviations
are <6 km in both AB and CD profiles. The maximum changes in pP and PP ray
paths are 9 and 34 km under East Asia, and 13 and 11 km under South Pacific,
respectively. The P, pP and PP travel-time changes are 0.27, 0.42 and 1.00 s under
East Asia, and 0.12, —0.10 and 0.44 s under South Pacific, respectively (Fig. 7.14).

Ray-path changes due to lateral depth variations of all the three discontinui-
ties (the Moho, 410 and 660) are shown in Fig. 7.15. In East Asia, the maximum
changes in the P, pP and PP ray paths are 4, 19 and 28 km, and their travel-time
changes are 0.64, 0.52 and 0.29 s, respectively (Fig. 7.15a). In South Pacific, The P,
pP and PP rays exhibit maximum changes of 6, 6 and 30 km, and their correspond-
ing changes in travel time are 0.80, 2.95 and 3.42 s, respectively (Fig. 7.15b).

7.2.3  Joint Effects of Discontinuity and Velocity Variations

The 3-D velocity model of Zhao (2001) includes both 3-D P-wave velocity varia-
tions and lateral depth changes of the Moho, 410 and 660 km discontinuities
revealed by Mooney et al. (1998) and Flanagan and Shearer (1998). A few examples
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Fig. 7.16 The same as Fig. 7.12 but for rays (solid lines) in a velocity model with lateral depth
variations of the Moho, 410 and 660 km discontinuities from the models of Mooney et al. (1998)
and Flanagan and Shearer (1998) as well as with lateral velocity variations. The dotted lines denote
rays in the 1-D iasp91 model. (Modified from Zhao and Lei 2004)

of ray-path changes in such a truly 3-D velocity model (Zhao 2001) are shown in
Fig. 7.16. The P, pP and PP ray paths in the 3-D model (solid lines in Fig. 7.16) are
compared with those in the 1-D iasp91 model (dotted lines in Fig. 7.16). In East
Asia, the maximum path differences between the 1-D and 3-D rays for the P, pP and
PP phases are 12, 16 and 26 km, and their corresponding travel-time differences
are 0.59, 0.73 and 0.14 s, respectively (Fig. 7.16a). In South Pacific, the maximum
path changes for the P, pP and PP rays are 46, 38 and 32 km, and their travel-time
changes are —0.95, 1.62 and 0.45 s, respectively (Fig. 7.16b).

These 3-D ray-tracing results indicate that, even if the maximal amplitude of
velocity anomalies in a 3-D global velocity model is only 1-2 %, seismic rays pass-
ing through those very heterogeneous regions (such as subducting slabs and mantle
plumes) can deviate up to 100 km from their 1-D ray paths, because of the very
long ray trajectories in the global case (Bijwaard and Spakman 1999; Zhao and Lei
2004). The amplitudes of velocity anomalies in the existing tomographic models are
generally underestimated, because damping and smoothing regularizations have to
be applied in the tomographic inversion in order to obtain a convergent and stable
solution. Hence, the actual amplitudes of crustal and mantle heterogeneities may
be greater. For example, high-resolution (5-30 km) local and regional tomography
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studies have revealed velocity anomalies of up to 6% for P-wave and 10% for S-
wave in subduction zones (Zhao et al. 1997, 2009a, 2012b; Tong et al. 2012; Liu
et al. 2013). In local or regional scale studies, arrival-time data have better quality
and ray paths have a more uniform distribution, hence strong damping and smooth-
ing as for the global tomography can be avoided, enabling the pattern and amplitude
of velocity heterogeneities to be recovered better. With the improvement of spatial
resolution of global tomography, strong velocity anomalies can be revealed in the
crust and mantle, which may cause ray-path and travel-time changes much greater
than those shown in Figs. 7.12—7.16. The considerable lateral depth variations of
mantle discontinuities together with 3-D velocity variations in the Earth’s interior
would result in more complicated changes in ray path and travel time.

The existence of complex structural heterogeneities in the Earth’s interior re-
quires the use of effective 3-D ray tracing in the global tomographic studies. Al-
though there have been new progresses in the studies of 3-D ray tracing recently
(e.g., Ballard et al. 2009; Huang et al. 2013a), continuing efforts are still needed to
devise better ray tracing algorithms so that more seismic data can be used to image
the 3-D Earth’s structure in greater details and in higher resolution by taking advan-
tage of advances in computer technology.

7.3 Role of Later Phases in Mantle Tomography

For conducting global P- or S-wave travel-time tomography, some workers mea-
sured arrival times carefully from seismograms (e.g., Woodward and Master 1991;
Su et al. 1994; Grand 2002), whereas most seismologists have used the ISC data
set to study the 3-D mantle structure, because the ISC bulletins represent the largest
collection of arrival-time information available worldwide (see Zhao et al. 2013 for
the recent review). The ISC data set has been reprocessed and now its quality has
been greatly improved (see Engdahl et al. 1998; Engdahl 2006). With the remark-
able advances in computer technology, the spatial resolution of global tomography
can be improved by using a huge number of arrival-time data. However, if only di-
rect P-wave data are used, it is still difficult to improve the tomography resolution in
the mantle under the oceanic regions and in the southern hemisphere, because there
are fewer seismic stations in those regions. Later phases of reflected and converted
waves can sample the Earth’s interior that is not ordinarily sampled by the direct P
rays. Therefore, adding later-phase data is an effective way to improve the tomo-
graphic images of the Earth at both local and global scales (e.g., Zhao et al. 1992,
2013; Lei and Zhao 2006a, b; Zhao 2009).

In global P-wave tomography studies, different authors have used different ISC
data sets. For example, Inoue et al. (1990) used only the direct P data, while Vasco
et al. (1995) added PP phases, van der Hilst et al. (1997) and Bijwaard et al. (1998)
used P and pP phases. Vasco and Johnson (1998) used P, PP, PcP, PKPab, PKPbc
and PKPdf phases to invert for both the mantle and core structures. Boschi and
Dziewonski (2000) also determined both the 3-D mantle and core structures us-
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ing P, PcP, PKPbc and PKPdf phases. Gorbatov et al. (2001) used P, PP and Pdiff
phases. Karason and van der Hilst (2001) investigated the effects of PKP and Pdiff
on the lowermost mantle structure. Zhao (2001, 2004) and Zhao et al. (2013) used
five kinds of mantle phases (P, pP, PP, PcP and Pdiff). Montelli et al. (2004) used P
and PP waves. Lei and Zhao (2006a, b) investigated the influences of ten kinds of
mantle and core phases (P, pP, PP, PcP, Pdiff, PKPab, PKPbc, PKiKP, PKKPab and
PKKPbc) on the determination of P-wave tomography of the mantle and the outer
core.

Diffraction P-waves (Pdiff) have long paths sampling the D” layer above the
CMB than other mantle waves (Fig. 7.17a), hence they are very useful for imaging
the lowermost mantle structure (e.g., Wysession et al. 1992; Sylvander et al. 1997).
Zhao (2004) conducted detailed resolution tests with and without the Pdiff data (P,
pP, PcP, and PP rays were used in the tests) and found that, when the Pdiff data are
added, both the pattern and amplitude of velocity anomalies can be improved for
the lowermost mantle, in particular, under the southern hemisphere. Figure 7.18
shows P-wave images of the D” layer obtained with and without the Pdiff data
(Zhao 2004). Although the two images are quite consistent in the overall pattern of
velocity distribution, considerable discrepancy appears in the South Pacific region.
In the image determined by P, PP, pP and PcP data (Fig. 7.18a) there is a high-V
patch directly beneath the Samoa hotspot which is surrounded by low-V anomalies.
When the Pdiff data are added, however, the high-V zone under Samoa disappears
(Fig. 7.18b), and the huge low-V zones under South Pacific become more promi-
nent and coherent, which may show the root of the Pacific superplume (Zhao 2004).

Global P-wave tomographic inversions were conducted using a carefully select-
ed ISC data set including 783,024 P, 36,017 pP, 8177 PP, 4644 PcP, 13,401 Pdiff,
5589 PKiKP, 5312 PKPab, 26,768 PKPbc, 157 PKKPab, and 515 PKKPbc arrival
times (Lei and Zhao 20064, b). Figure 7.17 shows a schematic illustration of the
ten kinds of rays and the observed travel-time curves of those phases used in the
inversions. There are few seismic stations in and around the Hawaiian island chain
(Fig. 7.19), and so it is an ideal location to examine the effects of the later-phase
data on whole-mantle tomography (Lei and Zhao 2006b).

Figure 7.20 shows distributions of different kinds of rays projected on a north—
south vertical cross-section passing through Hawaii. There are much more direct
P rays than the other phases, but the P rays have a distribution of a mountain-like
shape under Hawaii above a depth of 1000 km and a relatively poor coverage around
a depth of 1500 km, and they are almost horizontal below a depth of 2000 km
(Fig. 7.20a, d). The pP ray distribution is similar to that of P rays at the global scale.
Both P and pP rays are not so useful for imaging the area away from the Hawaiian
islands in and above the MTZ (Fig. 7.20a, b, d, ¢). However, PP rays can fill up the
gaps of the P and pP ray coverage above a depth of 1500 km (Fig. 7.20c, f). There
are fewer PcP and PKKP rays around the Hawaiian islands (Fig. 7.20g, k). Pdiff and
PKP rays cover the lowermost mantle well (Fig. 7.20h, i). There are some Pdiff rays
under the Hawaiian islands (Fig. 7.20h), while no PKP arrival times were recorded
by the Hawaiian seismic stations in the data set (Fig. 7.201). Some PKiKP rays exist
under the Hawaiian islands (Fig. 7.20j). When all the phases are used, the ray cover-
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Fig. 7.17 a Sketch illustration of ten kinds of P-wave ray paths used in global tomographic inver-
sions. The star and triangles denote a hypocenter and seismic stations, respectively. The two
dashed lines denote the 410 and 660 km discontinuities. b Observed travel-time curves of the ten

kinds of phases shown in (a) from the reprocessed ISC data set by Engdahl (2006). (After Lei and
Zhao 2006a)
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Fig. 7.18 P-wave velocity images at the bottom of the mantle. The result of the inversion using
P, pP, PP, and PcP data is shown in (a), and that using P, pP, PP, PcP and Pdiff data is shown in
(b). The red and blue colors denote slow and fast velocities, respectively. The velocity perturba-
tion scale is shown at the bottom. The solid triangles denote the surface hotspots. (Modified from
Zhao 2004)

age becomes much better in the entire mantle under Hawaii, though it is still sparse
in the middle mantle (Fig. 7.20 1).

Figure 7.21a shows a north—south vertical cross-section of P-wave tomography
passing through the Hawaiian hotspot when all the ten kinds of data (Fig. 7.17) are
inverted for the 3-D structure of both the mantle and the outer core, whereas the
CMB is assumed to be a spherical interface without lateral depth variations (Lei and
Zhao 2006b). A prominent and continuous low-V zone is clearly visible in the entire
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Fig. 7.19 Map of the Hawaiian islands. The white triangles and white dots denote the seismic
stations and earthquakes, extracted from the ISC bulletins. The hotspot (red triangle) is currently
centered just southeast of Hawaii. The seismic stations are mainly located on the islands of Hawaii,
Maui and Oahu. The inset map shows the location of the study area. (Modified from Lei and Zhao
2006b)

mantle under Hawaii (Fig. 7.21a). The liquid outer core of the Earth is generally
considered to be laterally homogeneous, because active convection is taking place
there (e.g., Stevenson 1987). Figure 7.21b shows an image similar to Fig. 7.21a but
both the mantle and core phase data (Fig. 7.17) were inverted for the 3-D mantle
structure alone assuming that the outer core is laterally homogeneous. The two re-
sults (Fig. 7.21a, b) show that the pattern of the mantle tomography remains the
same, no matter whether the 3-D outer core structure is inverted or not, though some
differences in the amplitude of velocity anomalies appear in the middle and lower
mantle, and there are some changes in the image of the D” layer. The tomography
without the outer-core structure shows slightly larger amplitude of velocity anoma-
lies (Fig. 7.21b). These results suggest that trade-off may occur between the mantle
and the outer-core structures (Lei and Zhao 2006a, b).

The CMB is the most important boundary in the Earth’s interior, which exhibits
the strongest contrasts in both physical properties (density and seismic velocity) and
chemical composition. The CMB may have undulations of up to 10 km due to hot
materials pulling up and cold materials depressing in the mantle (Rodgers and Wahr
1993; Sze and van der Hilst 2003). Such large undulations would certainly affect
the mantle tomography, because ray paths and travel times of PcP, Pdiff and core
phases are sensitive to the CMB topography. However, the obtained CMB topog-
raphy models exhibit considerable discrepancies, partly because different data sets
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Fig. 7.20 Distribution of seismic rays projected on the north—south vertical cross-section passing
through the Hawaiian hotspot. (a)—(c) and (g)—(k) show the rays within 20° of the profile, while
(d)—(f) show the rays within 10° of the profile so that the direct P, pP and PP rays under Hawaii can
be seen clearly. The rays in (1) are a combination of those in (d)—(k). Seismic phases are labeled
atop each panel. The two dashed lines denote the 410 and 660 km discontinuities. The location of
the profile is shown in the inset map. The friangles in the map denote the hotspot volcanoes. (After
Lei and Zhao 2006b)
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Fig. 7.21 P-wave tomography along the north—south vertical cross-section beneath the Hawaiian
hotspot when all the ten kinds of phases are used. a The image obtained without the CMB topog-
raphy and with the outer-core structure included in the inversion. b the image obtained without the
CMB topography and without the outer-core structure included in the inversion. c—e the images
obtained with the outer-core structure included in the inversion and with three CMB topographic
models taken into account. The three CMB models are MD87 (Morelli and Dziewonski 1987),
OF97 (Obayashi and Fukao 1997) and SV03 (Sze and van der Hilst 2003). The two dashed lines
denote the 410 and 660 km discontinuities. The red and blue colors denote slow and fast veloci-
ties, respectively. The velocity perturbation scale (in %) relative to the 1-D iasp91 Earth model is
shown at the bottom. The inset map shows the location of the cross-section. The triangles on the
map denote the hotspots. The white dots denote earthquakes which occurred within a 250 km width
of the profile. (After Lei and Zhao 2006b)

and inversion techniques were used by different authors. Lei and Zhao (2006a, b)
used three CMB topographic models (Morelli and Dziewonski 1987; Obayashi and
Fukao 1997; Sze and van der Hilst 2003) to investigate the effect of the CMB to-
pography on mantle tomography. The three CMB models show different topog-
raphy patterns and the CMB topographic peaks are 6, 10 and 3 km, respectively.
The model of Morelli and Dziewonski (1987) shows slight depression under the
Hawaiian island chain, while that of Sze and van der Hilst (2003) shows elevated
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Fig. 7.22 P-wave tomography along the north—south vertical cross-section passing through the
Hawaiian hotspot, obtained by using P and one kind of later phases. The mantle and outer-core
structures are inverted jointly. The types of the rays used in the inversion are labeled atop each
panel. The red and blue colors denote lower and higher velocities, respectively. The velocity per-
turbation scale (in %) is shown at the bottom. The two dashed lines denote the 410 and 660 km
discontinuities. (Modified from Lei and Zhao 2006b)

topography under Hawaii. The tomographic results show that the pattern of mantle
tomography remains the same no matter which CMB model is used, and slight dif-
ferences in tomography occur in the amplitude of velocity anomalies below a depth
of 2000 km (Fig. 7.21c, d, e).

To investigate how the mantle and core phases affect the tomographic image, Lei
and Zhao (20064, b) conducted two series of tomographic inversions using differ-
ent subsets of ISC data. One is to combine the direct P-wave with one kind of later
phases in the inversion (Fig. 7.22), the other is to add more kinds of later phases
gradually in the inversion (Fig. 7.23). When the pP data are added, the amplitude
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Fig. 7.23 The same as Fig. 7.22 but for P and more kinds of later phases. (Modified from Lei and
Zhao 2006b)

of velocity anomalies is changed slightly above the middle mantle and in the low-
ermost mantle (Figs. 7.22b and 7.23b). The PP rays change the pattern of the im-
age above a depth of 1700 km (Figs. 7.22c and 7.23c¢), because the PP rays have a
good coverage above the middle mantle (Fig. 7.20). When the PcP data are added,
both the pattern and amplitude of the low-V anomalies have almost no change
(Figs. 7.22d and 7.23d), because there are few PcP rays under Hawaii (Fig. 7.20g).
The Pdiff rays enhance the amplitude of slow anomalies above a depth of 1500 km
and in the lowermost mantle (Figs. 7.22¢ and 7.23¢). In contrast, the PKP data
reduce the amplitude of slow anomalies in the lowermost mantle (Figs. 7.22f and
7.23g). When the PKiKP data are added, the pattern of slow anomalies is changed
in the entire mantle (Fig. 7.22¢g), and their effect is more clearly visible in Fig. 7.23h
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Fig. 7.24 The same as Fig. 7.22 but for the images along a profile shown in the inset map. The
types of phases used in the inversion are labeled atop each panel. (After Lei and Zhao 2006a)

after the mantle phases and the PKP data are added. The significant contribution of
the PKiKP rays to the image of the Hawaiian plume may be due to their quite dif-
ferent take-off angles from those of the other phases (Fig. 7.20j), which improve
the ray crisscrossing in the mantle under Hawaii. When only P and PKKP data are
used, it is not easy to find the change visually (Fig. 7.22h). However, when all the
phases are used, it is clear that the PKKP data affect the amplitude of slow anoma-
lies around a depth of 1500 km beneath Hawaii (Fig. 7.23h, i) and that a continuous
low-V anomaly is imaged below the Hawaiian hotspot in the entire mantle.

Figure 7.24 shows effects of the later phases on mantle tomography in a north-
south vertical cross-section passing through the Hawaiian and Tahiti hotspots. Simi-
lar features of the effects as in Fig. 7.22 show up for this broad region of the Pacific.
Prominent low-V anomalies corresponding to both the Pacific superplume and the
Hawaiian plume are visible in the whole mantle (Fig. 7.24), which are discussed in
detail in Sect. 7.5.
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These results (Figs. 7.18 and 7.21, 7.22, 7.23 and 7.24) indicate that later-phase
data are very important for improving the ray-path coverage in the mantle, in par-
ticular, under the oceanic regions where few seismic stations exist. Although the
picking accuracy of later-phase data is generally lower than that of the first P-wave
data, they are still very useful for better constraining the 3-D mantle structure. The
quality of later-phase arrivals can be improved using the modern technology of
waveform processing, thus many kinds of mantle and core phases can be used in
future studies of global and regional tomography.

7.4 Influence of Global Mantle Heterogeneity
on Regional Tomography

To date, a great number of researchers have used arrival-time data of teleseismic
events recorded by local or regional seismic networks in various areas of the world
to study the 3-D velocity structure of the crust and upper mantle under the seismic
networks applying the ACH method, named after Aki et al. (1977). The great suc-
cess of the ACH method is attributed to the production of credible and geologically
reasonable results from seismic data which are widely available, easily obtained
and handled at a relatively low cost (Evans and Achauer 1993). The principle of
the ACH tomographic method is to invert a set of relative travel-time residuals
of teleseismic events for a 3-D P- or S-wave velocity model of the upper mantle
beneath a local seismic network. The final parts of up-going rays under a seismic
array are modeled in three-dimensions, whereas a standard 1-D velocity model is
adopted for the Earth’s structure outside the target volume of the 3-D local tomog-
raphy (Fig. 7.25a). The selected teleseismic events are usually located in a range of
25-100° from the target area, hence the turning point (i.e., the point with the maxi-
mum depth) of every teleseismic P ray is located in the lower mantle (Fig. 7.25a).

For a teleseismic ray, its travel-time residual 7; from the jth event to the ith
seismic station is written as,

=17 Tt a.n

0BS caL . .
where T and T;"" are observed and calculated travel times, respectively. A

relative travel-time residual 7; is defined as,

ro=t, —1, (7.2)

J y J

where 7; is the average residual for the jth event,

— 1 (7.3)
’j=m_2’zf
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Fig. 7.25 a A conceptual diagram of teleseismic local/regional tomography. The star symbol
denotes a teleseismic event, whereas the black triangles denote seismic stations in the target study
area. The red curved lines show the teleseismic ray paths. A basic assumption underlying the
teleseismic regional tomography is that the seismic velocity structure of the entire lower mantle
outside of the study region is laterally homogeneous. b The same as (a) but the red and blue
patches denote low and high velocity anomalies in the lower mantle where the teleseismic rays
pass through. (Modified from Zhao et al. 2013)

where 7; is the number of seismic stations in the target area which recorded the
Jth event.

The ACH method uses relative travel-time residuals of teleseismic events to de-
termine local tomography, due to the following two reasons. The first is that the
influence of the origin time of a teleseismic event can be removed, and hypocentral
mislocations have very small effect on the final tomographic result. The second is
that the influence of velocity anomalies in the focal areas of teleseismic events can
be removed, because ray paths from a teleseismic event to all the seismic stations in
the target area are nearly identical in the crust and upper mantle under the teleseis-
mic event (see Fig. 7.25a). A fundamental assumption of the ACH method is that
the effect of velocity anomalies outside the target volume, particularly those in the
lower mantle, can be removed by the use of relative travel-time residuals. Thus, all
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the relative travel-time residuals of the teleseismic events used are attributed to 3-D
velocity variations in the target volume beneath the local seismic array, though the
ray paths are actually not identical in the lower mantle, particularly for the segments
of the rays close to the target volume (Fig. 7.25a).

To date, many global tomography studies have been made, revealing significant
seismic velocity variations in the lower mantle, such as those shown in Figs. 7.7—
7.10. Although the average amplitude of velocity anomalies in the lower mantle is
much smaller than that in the upper mantle and the MTZ, the velocity heterogeneity
in the lower mantle can be very strong beneath some regions (see Fig. 7.32), such
as the two superplumes under South-Central Pacific and East Africa, the collapsed
slab materials under East Asia, and the deeply subducted Farallon slab under North
and Central America (Figs. 7.7-7.10 and 7.21-7.24).

Consider the case shown in Fig. 7.25b: in the lower mantle, some rays pass
through a low-V zone, whereas other rays pass through a high-V zone (Zhao et al.
2013). If the ACH method is applied to conduct a tomographic inversion, then these
low-V and high-V anomalies in the lower mantle would be mapped into the target
volume in the upper mantle. Then a question arises: how valid is the fundamental
assumption underlying the ACH method? In other words, how much would the
velocity anomalies in the whole mantle imaged by global tomography affect the
teleseismic regional tomography obtained with the ACH method?

It seems that so far only two studies have addressed this issue. One is Masson
and Trampert (1997) who used a lower-resolution 3-D P-wave global model con-
verted from an S-wave tomography model to investigate the influence of whole-
mantle heterogeneity on an essentially 2-D P-wave tomography under a linear seis-
mic array in northern Tibet (Wittlinger et al. 1996). Their linear seismic array was
composed of 50 stations with a total length of ~600 km, and their 2-D P-wave
tomography model is valid down to a depth of 400 km under the array. Masson and
Trampert (1997) found that the relative travel-time residuals caused by the mantle
heterogeneity outside the target volume are not negligible and so the fundamental
hypothesis underlying the ACH method is not verified.

The other study addressing the issue is Zhao et al. (2013) who used a high-
resolution global tomography model (Figs. 7.3—7.10) to investigate the influence
of whole-mantle heterogeneity on the determination of 3-D regional tomography of
the Japan subduction zone. They used 45,425 high-quality P-wave arrivals of 360
teleseismic events recorded by 779 seismic stations of the High-sensitivity seismic
network (Hi-net) and 654 J-Array seismic stations which belong to the Japanese na-
tional universities and the Japan Meteorological Agency (Zhao et al. 2012b, 2013).
These stations are all equipped with short-period (1 Hz) and high-sensitivity seis-
mometers. The picking accuracy of these teleseismic arrivals is ~0.10 s.

Zhao et al. (2013) calculated precise ray paths and travel times of the 45,425
P-wave data in their 3-D global velocity model and the 1-D iasp91 Earth model
using the 3-D ray-tracing technique (Fig. 7.26a). For each ray, they took the differ-
ence between the travel times in the 3-D and 1-D velocity models, T3d-T1d, from
the teleseismic hypocenter to the bottom or the edge of the 3-D regional tomogra-
phy model, i.e., the differential travel time outside the target volume of regional
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Fig. 7.26 a P-wave rays from an earthquake (the red star) in Alaska to the seismic stations in
Japan. The event (M 6.9) occurred on 11 January 2001 with a focal depth of 25 km. The color
of rays denotes the outside residuals (see text for details). The red and blue colors denote slower
and faster rays, respectively, with the scale shown on the right. b Vertical cross-section of P-wave
tomography along the profile A4-S as shown in (¢). The red and blue colors show low and high
velocities, respectively, with the velocity scale shown on the right. The white dots show earth-
quakes that occurred within a 50-km width of the profile. The two dashed lines in (a, b) denote the
410 and 670 km discontinuities. The two black lines in (b) show the rays with the minimum and
maximum epicentral distances to the seismic stations in Japan. ¢ Map showing the earthquake (S,
red star), the target study area (the box), the location of the profile in (a, b), and some teleseismic
rays (red lines). The blue lines show the plate boundaries. d Distribution of the Hi-net stations that
recorded the earthquake in (¢). The colors of the dots denote the outside residuals, the same as in
(a). (Modified from Zhao et al. 2013)

tomography. Then for a set of m rays from a teleseismic event observed by m seis-
mic stations in Japan, they calculated the average of the differential times (T3d-
T1d) and then subtracted the average from each of the m differential times. This
procedure is similar to the construction of relative travel-time residuals shown in
Egs. (7.1)—~(7.3). Thus, relative travel-time residuals caused by the mantle heteroge-
neity outside the target volume were obtained, which were called outside residuals
(Zhao et al. 2013).

Distributions of the outside residuals for a teleseismic event (M 6.9) that oc-
curred in Alaska (Fig. 7.26¢) are shown in Figs. 7.26a and d. The outside residuals
range from —0.23 to +0.24 s, which are certainly larger than the picking error of
the observed P-wave arrivals (~0.10 s). The negative outside residuals are caused
by rays passing through the high-V subducting Pacific slab in the MTZ and the up-
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Fig.7.27 Distribution of the Japanese seismic stations which recorded the earthquake in Fig. 7.26.
a Observed relative travel-time residuals. b Outside residuals (the same as Fig. 7.26d). ¢ The same
as in (a) but after correction, i.e., the difference between those in (a) and (b). The scales are shown
below each map. The red arrows denote the ray coming direction. Note that the scale in (b) is dif-
ferent from those in (a, ¢). (Modified from Zhao et al. 2013)

permost lower mantle under the northern and western Pacific regions (Fig. 7.26b),
which were observed by the seismic stations in NE Japan (Fig. 7.26d). In contrast,
the positive outside residuals correspond to rays passing through a few slow anoma-
lies in the lower mantle (Fig. 7.26b), which were recorded by the seismic stations
in SW Japan (Fig. 7.26d).

Figure 7.27a shows the distribution of the observed relative residuals for the
Alaskan earthquake (Fig. 7.26¢). Figure 7.27c shows the distribution of the ob-
served residuals that were corrected for the whole-mantle heterogeneity, that is,
the outside residuals shown in Fig. 7.27b (the same as Fig. 7.26d) were subtracted
from the raw relative residuals in Fig. 7.27a. Because the observed relative residuals
range from —0.80 to +0.81 s (Fig. 7.27a), whereas the outside residuals vary from
—0.23 to +0.24 s, the pattern of the residual distribution remains nearly the same
even after the correction, though the amplitudes of the relative residuals exhibit
some changes (Figs. 7.27a, c).

Figures 7.28 and 7.29 show another example of the outside residuals and the
observed relative residuals for a Sumatra earthquake with a magnitude of 6.6
(Fig. 7.28c). The outside residuals range from —0.29 to +0.24 s. Similar to the
case of the Alaskan event (Fig. 7.26), the negative outside residuals of the Suma-
tra earthquake are caused by the rays passing through the high-V Pacific slab and
also the Philippine Sea slab in the MTZ and uppermost lower mantle beneath the
Ryukyu back-arc region (Fig. 7.28b), which were observed by the seismic stations
in SW Japan (Fig. 7.28d). In contrast, the positive outside residuals correspond to
the rays passing through some low-V zones in the lower mantle (Fig. 7.28b), which
were observed by the seismic stations in NE Japan (Fig. 7.28d). It seems that the
high-V anomalies in the MTZ and the lower mantle beneath the Sumatra earthquake
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Fig. 7.28 The same as Fig. 7.26 but for an earthquake which occurred in Sumatra as shown in (c).
The event (M 6.6) occurred on 17 May 2006 with a focal depth of 12 km. (Modified from Zhao
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Fig. 7.29 The same as Fig. 7.27 but for the Sumatra earthquake shown in Fig. 7.28. (Modified
from Zhao et al. 2013)

hypocenter (Fig. 7.28b), which reflect the subducting Australian plate (Fig. 7.8),
have also contributed to the outside residuals (Fig. 7.28b). The pattern of the re-
sidual distributions also remains the same after the correction, but there are some
changes in the amplitude of the relative residuals (Fig. 7.29a, c).
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Fig. 7.30 The same as Fig. 7.29 but for 360 teleseismic events in all directions with epicentral
distances of 26-99°. (Modified from Zhao et al. 2013)

Zhao et al. (2013) examined the outside residuals for all the 360 teleseismic
events. Their results show that the outside residuals vary from —0.25 to +0.25 s
for most of the teleseismic events, whereas the outside residuals reach —0.40 to
+0.40 s for some events when the teleseismic rays pass through very heterogeneous
anomalies in the lower mantle, such as the Pacific and African superplumes and
the deeply subducted slabs (Figs. 7.7-7.10). Figure 7.30a shows the distribution of
observed relative travel-time residuals of all the 360 teleseismic events recorded by
the Japanese stations. Negative residuals are visible at stations on the Pacific coast
of eastern Honshu and Hokkaido, whereas positive residuals appear at stations lo-
cated in the volcanic areas (see the inset map in Fig. 7.31), western Japan, and the
western coast of eastern Japan. This distribution pattern of the teleseismic residuals
is well consistent with those revealed by the previous studies (Zhao and Hasegawa
1994; Zhao et al. 1994, 2012b; Abdelwahed and Zhao 2007; Huang et al. 2013b).
The outside residuals for all the 360 teleseismic events are relatively small, ranging
from —0.12 to +0.12 s (Fig. 7.30b), because they are the average of the outside re-
siduals from all the teleseismic events which are situated in different quadrants and
so the rays pass through both slow and fast velocity anomalies in the mantle. Hence,
the distribution of the corrected residuals (Fig. 7.30c) shows the same pattern as that
of the raw residuals (Fig. 7.30a).

Zhao et al. (2012b) determined a high-resolution 3-D P-wave velocity (Vp)
model of the Japan subduction zone down to a depth of 700 km (Fig. 7.31a—d)
by jointly inverting the 45,425 P-wave relative residuals from the 360 teleseismic
events and 274,268 P-wave arrival times from 1180 local shallow and deep earth-
quakes under the Japan Islands. The local events used have reliable hypocentral
parameters, and their mislocation errors are <5 km. A 3-D grid net was set up in
the target volume under the Japan Islands with a grid interval of 0.33° in the lateral
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Fig. 7.31 Vertical cross-sections of regional P-wave tomography of the Japan subduction zone.
a—d The 3-D Vp model obtained by using a conventional teleseismic tomography method assum-
ing the mantle structure outside the study area is laterally homogeneous. e-h The 3-D Vp model
obtained after correcting for the global velocity heterogeneity as shown in Figs. 7.3 and 7.4. The
locations of the profiles are shown in the inset map. The red and blue colors denote low and
high velocities, respectively. The velocity perturbation (in %) scale is shown at the bottom. The
white dots show earthquakes that occurred within a 20-km width of each profile. The red triangles
denote active arc volcanoes on the Japan Islands. M7Z, the mantle transition zone. (Modified from
Zhao et al. 2013)

direction 10-30 km in depth. The inversion of the teleseismic data is similar to that
of the ACH method. See Zhao et al. (1994, 2012b) for details of the model setup and
tomographic inversion for the Japan subduction zone.

The tomographic images in Fig. 7.31a—d were obtained by inverting the local-
earthquake arrival times and raw relative residuals of the 360 teleseismic events
(Fig. 7.30a), i.e., the crustal and mantle structure outside the target volume was
represented by the 1-D iasp91 model. In contrast, the images shown in Fig. 7.31e-h
were determined by inverting the local-event data and the corrected relative re-
siduals of the 360 teleseismic events (Fig. 7.30c), i.e., the whole crustal and mantle
structure outside the Japan subduction zone was represented by the 3-D global ve-
locity model (Figs. 7.3-7.10). It is clear that the two local 3-D Vp models are quite
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similar to each other. The pattern of the images is nearly the same, whereas there
are some minor differences in the amplitude of velocity anomalies, in particular,
at depths greater than 300 km, both above and below the subducting Pacific slab
(Fig. 7.31).

These results (Figs. 7.26—7.30) indicate that the whole-mantle velocity anoma-
lies outside the target volume of a teleseismic local or regional tomography have
remarkable effects (~0.2—0.4 s) on the relative travel-time residuals of the indi-
vidual teleseismic events recorded by the local seismic network in the target area
(Zhao et al. 2013). This amount of effects is certainly greater than the picking error
of the observed teleseismic P-wave arrivals (~0.1 s). The effects may become more
serious and complex for a large-aperture seismic network, such as the USArray
(e.g., Tian and Zhao 2012; Huang and Zhao 2013) and ChinaArray (e.g., Huang and
Zhao 2006; Wei et al. 2012, 2013; Huang et al. 2014). Therefore, it is necessary and
important to make corrections to the observed teleseismic residuals for the whole-
mantle velocity heterogeneity using a reliable 3-D global velocity model, enabling a
better local or regional tomography to be determined using the ACH-type inversion
methods.

Zhao et al. (2013) pointed out that such a correction for the whole-mantle hetero-
geneity is also necessary for other branches of seismology, such as inverting teleseis-
mic waveforms for the rupture process of large earthquakes (e.g., Shao et al. 2011;
Lay et al. 2011), and mapping mantle discontinuities (the Moho, 410 and 660 km)
using the teleseismic receiver-function methods (e.g., Ai et al. 2005; Helffrich et al.
2010; Tian et al. 2010). It would be interesting to study how much the global mantle
heterogeneity affects teleseismic waveform inversion and receiver-function results.

7.5 Insight into Deep Earth Dynamics

The Earth’s interior exhibits a layered structure and is composed of several spheri-
cal layers which are separated by major seismic discontinuities such as the Moho,
410, 670 km, CMB and ICB (the inner core boundary). It is important to know
the relative strength of lateral heterogeneity in every layers of the Earth, which
has important geodynamical implications. Figure 7.32 shows depth distributions
of the root-mean-square (RMS) amplitude of velocity heterogeneity for the global
mantle and the mantle beneath South Pacific, East Africa, and Western Pacific. The
method of calculating the RMS amplitudes is described by Tanimoto (1990) and
Zhao (2004). For the global mantle, the strength of velocity heterogeneity (SVH)
is much greater in the upper mantle than that in the lower mantle, and it becomes
the minimum at a depth of ~ 1800 km (Fig. 7.32a). This indicates that, as a whole,
the seismic structure of the upper mantle is much more inhomogeneous than that
of the lower mantle, and the lower mantle contains much less heterogeneity except
for the D” layer in the lowermost mantle (e.g., Tanimoto 1990; Zhao 2004). High-V
anomalies dominate in the upper mantle, and the SVH becomes smaller suddenly at
the 410 and 670 km discontinuities (Fig. 7.32a, d). The high-V SVH becomes the
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Fig. 7.32 Root-mean-square (RMS) amplitude of velocity heterogeneity versus depth for the
global mantle (a) and for the mantle under South Pacific (b), Africa (¢), and Western Pacific (d).
The units are percent perturbation relative to the average velocity at the given depth. The boxes in
the world map show the ranges of the regions in (b—d). The dashed, dotted and solid lines denote
the results for slow, fast and all velocity anomalies, respectively. (Modified from Zhao 2009)
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maximum in the shallow mantle (<300 km), which reflects the old and stable con-
tinental regions including the cratonic areas. The high-V SVH is also large in the
MTZ, which reflects stagnant slabs under the back-arc regions of subduction zones
(Fig. 7.32a, d). At the 670 km discontinuity, however, the SVH drops suddenly and
it remains nearly the same level for most parts of the lower mantle (Fig. 7.32a, d).
This result indicates that, from a global point of view, the signatures of plate tecton-
ics and subducting slabs are the most significant in the upper mantle and the MTZ,
but such signatures become much smaller in the lower mantle right beneath the
670 km discontinuity. In the D” layer above the CMB, the SVH of both low-V and
high-V anomalies becomes large again, which appears in all the global tomographic
models (e.g., Tanimoto 1990; Fukao et al. 2001; Zhao et al. 2013).

Under South Pacific and East Africa where two superplumes are considered to
exist, low-V anomalies dominate at all depths in the mantle (except for the shal-
low upper mantle in Africa), whereas high-V anomalies become less significant
(Fig. 7.32b, c). The SVH is very large in the lower mantle, unlike the case of the
global average (Fig. 7.32a). Two peaks are visible in the SVH under South Pacific:
one is at depths of 1200—1700 km, the other is in the D” layer (Fig. 7.32b). The two
peaks reflect the major velocity anomalies of the Pacific superplume in the middle
and bottom of the mantle (see Fig. 7.24). Under East Africa, the SVH also increases
significantly in the D” layer. From the tomographic images and the SVH distribu-
tion in the mantle, the Pacific superplume appears to be greater and stronger than
the African superplume.

It should be pointed out that the amplitude of velocity anomalies in the mantle
revealed by seismic tomography is affected by damping and smoothing regulariza-
tions which are required for stabilizing tomographic inversions because of the un-
even distribution of seismic rays in the Earth’s interior (Zhao 2009). Thus, the SVH
in the real Earth is hard to recover completely, and the degree of recovery depends
on the scale of the study area, density and homogeneity of the ray path coverage,
as well as the resolution scale of a tomographic model. In the local-scale tomogra-
phy, seismic stations and earthquakes are distributed more uniformly, and so weak
damping and smoothing can be applied, leading to better recovery of the amplitude
of velocity anomalies which can be up to 6-10% (e.g., Zhao et al. 1992; Huang
et al. 2011; Liu et al. 2013). In contrast, strong damping and smoothing have to be
applied to the global or large-scale regional tomography because of the very uneven
distribution of seismic stations and earthquakes, which leads to velocity anomalies
with smaller amplitudes of 1-2% (e.g., Zhao 2001, 2004; Wei et al. 2012; Zhao
et al. 2013). Therefore, the SVH features (Fig. 7.32) reflect only relative variations
in the strength of mantle heterogeneity in different layers of the Earth’s interior and
beneath different tectonic settings.

Figure 7.33a shows a representative vertical cross-section of P-wave tomogra-
phy under Western Pacific and East Asia (Zhao 2009). The subducting Pacific slab
becomes stagnant in the MTZ under East Asia, and prominent high-V anomalies
are visible in the lower mantle and the D layer. This tomographic image suggests
that the subducting Pacific slab meets strong resistance at the 670-km discontinuity,
hence the slab bends horizontally, and accumulates there for a long time (~50 m.y.),
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Fig. 7.33 a Vertical cross-section of whole-mantle P-wave tomography along a profile passing
through Japan and Eastern China (modified from Zhao 2009). The red and blue colors denote low
and high velocities, respectively. The velocity perturbation scale is shown on the right. The two
solid lines denote the 410 and 670 km discontinuities. The white dots show earthquakes which
occurred within a 100 km width of the profile. b A computer simulation result showing the inter-
action of a subducting slab with the 670 km discontinuity. (Modified from Mitrovica et al. 2000)

and then finally collapses to fall down as blobs onto the D” layer as a result of very
large gravitational instability from phase transitions. This scenario has been well
explained by the computer simulation results (Mitrovica et al. 2000; Fig. 7.33b).
In the western Pacific and East Asian region, high-V anomalies dominate at most
parts of the mantle (Fig. 7.32d). The first peak of high-V anomalies is visible at
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Fig. 7.34 Whole-mantle P-wave tomography under three major hotspot areas. The black trian-
gles denote the surface locations of the hotspot volcanoes. The two thin lines denote the 410 and
670 km discontinuities. The red and blue colors denote low and high velocities, respectively.
(Modified from Zhao 2001, 2009)

depths shallower than ~200 km, which reflects the old Pacific plate at the surface
and its initial stage of subduction. The second peak appears in the MTZ and down
to a depth of ~900 km, which reflects the stagnant slab and pieces of old slab ma-
terials collapsing down to the lower mantle (Figs. 7.33a). The third peak occurs
from a depth of 2000 km to CMB, which is due to the old slab materials collapsed
down to the lowermost mantle and piled up in the D” layer (Fig. 7.33a). Low-V
anomalies dominate at depths of 200-500 km (Fig. 7.32d), which reflects the arc
and back-arc magma and fluids in the BMW above the stagnant Pacific slab (Zhao
et al. 2004, 2007, 2009b). At depths of 12001700 km, low-V anomalies dominate
again (Fig. 7.32d), reflecting the slow feature below the subducting Pacific slab
(Fig. 7.33a) which may represent hot mantle upwelling associated with collaps-
ing of the slab materials down to the lower mantle (Zhao 2004; Zhao et al. 2012b,
2013).

Figures 7.34 and 7.35 show whole-mantle tomographic images under the rep-
resentative hotspots in Hawaii, Iceland, Kerguelen, South Pacific, and East Africa.
Huge low-V anomalies are visible under South Pacific and East Africa, which
have lateral extents of 1000-3000 km and occur in the whole mantle (Fig. 7.35),
reflecting two superplumes existing in the present Earth’s mantle. Continuous
whole-mantle plumes were also detected under Hawaii, Iceland and Kerguelen
hotspots (Fig. 7.34). The general shape of the Pacific superplume in the tomog-
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Fig. 7.35 Whole-mantle P-wave tomography under South Pacific (a, b) and East Africa (¢, d). The
locations of the cross-sections are shown in the inset map. The black triangles denote the surface
locations of the hotspot volcanoes. The two thin lines denote the 410 and 670 km discontinuities.
The red and blue colors denote low and high velocities, respectively. (Modified from Zhao 2001)

raphy (Fig. 7.35a, b) is coincident with that predicted by a computer simulation
of Davies and Pribac (1993) (Fig. 7.36), suggesting that the Pacific superplume is
probably made up of a cluster of smaller mantle plumes feeding the several hotspots
in South-Central Pacific shown in Figs. 5.1 and 7.37b (see also Schubert et al.
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Fig. 7.36 Estimated geometry of the Pacific superplume from computer simulations. (Modified
from Davies and Pribac 1993)
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Fig. 7.37 (a) A north-south vertical cross-section of P-wave tomography along the profile GH
shown in the inset map (b). The black triangles show the surface hotspot volcanoes. The red and
blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown
below (a). (Modified from Lei and Zhao 2006b)

2004). In addition to the global tomography, results of seismic waveform modeling
and receiver-function studies also suggested a lower-mantle or CMB origin of the
Hawaiian plume (e.g., Ji and Nataf 1998; Russell et al. 1999; Li et al. 2003) and the
Iceland plume (e.g., Helmberger et al. 1998; Shen et al. 2002).
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Fig. 7.38 Four potential stages in the evolution of a mantle plume after it impinges on the litho-
sphere. (Modified from Steinberger and O’Connell 1998)

An important feature revealed by the global tomography of Zhao (2001, 2004) is
that low-V anomalies under the major hotspots usually do not show a straight pillar
shape, but exhibit winding images (Figs. 7.34 and 7.35), suggesting that plumes are
not fixed in the mantle but can be deflected by mantle flow (or mantle wind), as was
pointed out by several numerical simulation studies (e.g., Griffiths and Richards
1989; Loper 1991; Steinberger 2000; Fig. 7.38). Other seismic imaging (Bijwaard
et al. 1998; Shen et al. 2002) and paleomagnetic studies (Tarduno et al. 2003) have
also suggested the deflection of plume tails in the convective mantle. If the hotspots
on the Earth’s surface are caused by mantle plumes, then the deflection of plumes
would cause the hotspots to wander on the Earth’s surface instead of being fixed in
the long geological history, though the relative moving velocities of the hotspots are
much smaller than those of the lithospheric plates (Steinberger 2000; Tarduno et al.
2003; Zhao 2001, 2004, 2007).

The Pacific superplume seems to be the largest mantle plume in the present
Earth, whereas the Hawaiian plume seems to be the strongest plume, considering
the fact that the Hawaiian hotspot has the largest heat flux among all the hotspots
on Earth (Sleep 1990). Then a question arises: what is the relationship between
the largest plume and the strongest plume? Some earlier tomographic studies sug-
gested that the Hawaiian plume is part of the Pacific superplume, but recent tomo-
graphic results have indicated that this is not true (e.g., Zhao 2001, 2009; Lei and
Zhao 2006a; Zhao et al. 2013). The Hawaiian plume is certainly not part of the
Pacific superplume but an independent whole-mantle plume (Fig. 7.37a). However,
the two low-V zones under Hawaii and Tahiti seem to be connected at depths of
1500-1600 km (Fig. 7.37a), which may suggest that there are some heat or mate-
rial exchanges between the Hawaiian plume and the Pacific superplume in the mid
mantle (Zhao 2004, 2009).
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7.6 Summary

1. A novel flexible-grid tomographic inversion resulted in a better global tomo-
graphic model (Zhao et al. 2013). Although the general pattern of the new
global model is the same as that of the existing models, the mantle tomography
under the polar regions is better determined, because the flexible grid can bet-
ter express the mantle structure under the polar regions. Subducting slabs and
mantle plumes have been generally imaged well, which provides new insights
into deep Earth dynamics.

2. Seismic ray paths in the 3-D global velocity model deviate considerably from
those in the average 1-D Earth model, such as the iasp91 model. For a PcP ray in
the mantle under Western Pacific to East Asia where the high-V (1-2 %) Pacific
slab is subducting, its ray-path change amounts to 27 km. For a PcP ray in South
Pacific where low-V anomalies (the Pacific superplume) exist in the whole man-
tle, its ray path is displaced by as much as 77 km. Ray paths of other phases
(P, pP, and PP) also change by tens of kilometers. The travel-time changes of
these waves in the 3-D velocity model amount to 3.9 s. These results suggest
that, although the maximal velocity anomaly of the global tomographic model
is only 1-2 %, rays passing through regions with strong lateral heterogeneity (in
velocity and/or discontinuity topography) can deviate significantly from those in
a 1-D model, because the rays have very long trajectories in the global case. If a
lower-resolution 3-D velocity model is estimated with larger blocks or grid inter-
vals (3-5°) adopted for inversion, 1-D ray tracing may be feasible. However,
if smaller blocks or grid intervals are adopted to determine a higher-resolution
model, 3-D ray tracing is necessary and important for global tomography (Zhao
and Lei 2004).

3. The use of different kinds of mantle and core phases can improve the mantle
tomography. When only the direct P-wave data are used, the resolution is good for
most part of the mantle, except for oceanic regions down to a depth of ~1000 km
and for most of the D” layer. The PP data can better constrain the structure down
to the middle mantle, in particular, for the upper mantle beneath oceans. The
PcP data can improve the ray coverage in the middle and lower mantle around
the Pacific rim and Europe, whereas the Pdiff data can help improve the tomo-
graphic resolution in the lowermost mantle. The outer-core phases (PKP, PKiKP
and PKKP) can improve the resolution in the lowermost mantle of the southern
hemisphere and beneath oceanic regions. When smaller blocks or grid intervals
are adopted to determine a high-resolution model, the pP data are very useful for
improving the upper mantle structure. These results suggest that later seismic
phases are of great importance in better constraining the mantle structure and
dynamics (Zhao 2001, 2004; Lei and Zhao 2006a, b).

4. The global mantle heterogeneities outside the target volume of a local or regional
tomography can cause significant changes (0.2-0.4 s) to the observed relative
travel-time residuals of a teleseismic event. Although the pattern of regional
tomography remains the same even after correcting for the global mantle het-
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erogeneity, the amplitude of velocity anomalies in the regional tomography is
changed. To obtain a better local or regional tomography, it is necessary to cor-
rect for the global mantle heterogeneity outside the target volume (Zhao et al.
2013).

5. Most of the slab materials are stagnant in the mantle transition zone before
finally collapsing down to the lower mantle as a result of very large gravitational
instability from mantle phase transitions. Plume-like low-V anomalies are vis-
ible under the major hotspots in most parts of the mantle, and the low-V zones
usually exhibit winding images, suggesting that plumes can be deflected by the
mantle flow. As a consequence, hotspots are not really fixed but can wander on
the Earth’s surface. Broad and strong low-V anomalies have been revealed in
the D” layer, which show a good correlation with the hotspot distribution on the
surface, suggesting that most of the strong plumes feeding the major hotspots
may originate from the CMB. Huge low-V anomalies exist in the entire mantle
under East Africa and South-Central Pacific, which represent two superplumes
originating from the CMB. The Pacific superplume has a larger spatial extent
and stronger low-V anomalies than those of the African superplume. Hawaii, the
most active hotspot on Earth, is fed by an isolated whole-mantle plume which
deflected toward the south. There may be some heat or material exchanges
between the Hawaiian plume and the Pacific superplume at the mid-mantle
depth.
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Chapter 8
Seismic Tomography of the Moon

Abstract Moonquake arrival-time data recorded by the Apollo seismic network
operated during 1969 to 1977 have been used to determine P- and S-wave veloc-
ity tomography of the crust and mantle beneath the lunar near-side. The results
have shown that significant lateral heterogeneities may exist in the lunar interior.
A correlation between the S-wave tomography and the thorium abundance distri-
bution is revealed. The area with high thorium abundance exhibits a distinct low
shear-velocity which extends down to a depth of ~ 300 km below the Procellarum
KREEP Terrane (PKT), which may reflect a thermal and compositional anomaly
under the PKT. The distribution of deep moonquakes shows a correlation with the
tomography in the deep lunar mantle, similar to earthquakes which are affected by
structural heterogeneities in the terrestrial crust and upper mantle. The presence of
deep moonquakes and seismic-velocity heterogeneity implies that the interior of
the present Moon may still be thermally and dynamically active. Although lunar
tomography is still preliminary, it indicates that tomographic imaging of the lunar
interior is feasible.

Keywords Moon - Apollo missions * Moonquake * Seismic tomography -
Procellarum KREEP Terrane

The Moon is the only planetary body, beside the Earth, which interior structure
has been explored using seismological methods. During the United States (U.S.)
Apollo missions from July 1969 to December 1972, five seismometers were in-
stalled on the near-side lunar surface. Four seismometers had operated during 1969
to 1977, which recorded more than 12,000 moonquakes (Nakamura 2005). Four
kinds of moonquakes were detected: shallow moonquakes, deep moonquakes, ther-
mal moonquakes, and meteoroid impacts (Figs. 8.1, 8.2 and 8.3). The deep moon-
quakes occurred repeatedly at approximately 316 fixed nests in a depth range of
750-1400 km (Nakamura 2005), and they seem to be triggered by tidal deforma-
tion of the Moon (e.g., Toksoz et al. 1974; Lammlein 1977). The distribution of
deep moonquakes is not uniform (Fig. 8.1), which is one piece of evidence for the
existence of lateral heterogeneities in the lunar mantle, because if the lunar mantle
structure is laterally homogeneous, then under the tidal stress, the deep moonquakes
would occur randomly and their distribution would be uniform. Many seismological
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studies have shown that the generation of earthquakes is influenced by lateral het-
erogeneities in the terrestrial crust and upper mantle, and so the distribution of both
shallow and deep earthquakes reflects and is closely related to the lateral hetero-
geneities in the Earth, which have been revealed clearly by tomographic imaging
(e.g., Zhao et al. 2002, 2010; Jiang et al. 2008; Lei and Zhao 2009; Huang and Zhao
2013a, b; Liu et al. 2013a, b).

To date, many workers have used the moonquake arrival-time data recorded by
the Apollo seismic network to estimate one-dimensional (1-D) seismic velocity
models of the lunar interior (e.g., Toksoz et al. 1974; Goins et al. 1981; Nakamura
1983; Vinnik et al. 2001; Khan and Mosegaard 2002; Lognonne et al. 2003; Gagne-
pain-Beyneix et al. 2006; Garcia et al. 2011; Weber et al. 2011). Lateral variations
of the lunar crustal thickness were also investigated using the Apollo seismic data
set (e.g., Chenet et al. 2006), whereas they have been determined more reliably at a
global scale using the lunar gravity and topography data (e.g., Ishihara et al. 2009;
Wieczorek et al. 2013). Radar sounding from the Kaguya spacecraft has revealed
subsurface layers at an apparent depth of several hundred meters in the nearside
maria (e.g., Ono et al. 2009).

Zhao et al. (2008) applied a seismic tomography method to the moonquake arriv-
al-time data to study the three-dimensional (3-D) P- and S-wave velocity and Pois-
son’s ratio structures of the lunar interior. Although it was an experimental work, the
results have shown that tomographic imaging of the lunar interior is feasible, and
significant lateral heterogeneities may exist in the lunar mantle which may affect
the generation of deep moonquakes. Zhao et al. (2012a) compared the lunar seismic
tomography with the results of previous geophysical and geochemical studies, and
discussed the implications of the lunar tomography for the structure and dynamics
of the lunar interior. In this chapter, we review these lunar tomographic studies and
related works, and discuss limitations, problems and future perspectives of the lunar
tomographic imaging, which may be useful for designing a new seismic network on
the lunar surface and lunar exploration in the near future.

8.1 Apollo Seismic Data

The Apollo lunar seismic data are remarkable and unique in that they are the only
seismic data set which can be used to infer the internal structure of a planetary body
besides the Earth (Lognonne and Johnson 2007; Khan et al. 2013). The four-station
lunar seismic network covered a relatively small area on the near side of the Moon
and was arranged approximately in an equilateral triangle configuration with Apol-
lo stations 12, 15 and 16 placed ~ 1100 km apart, whereas Apollo stations 12 and
14 were placed on one corner ~180 km apart (Fig. 8.1). Each Apollo seismometer
consisted of a three-component long-period (bandwidth 1-15 s) and a short-period
sensor unit (bandwidth 0.125—1 s), which was sensitive to vertical motion at high
frequencies (for details, see Latham et al. 1973; Toksoz et al. 1974). During the
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Fig. 8.1 Map of the Moon’s near-side (a) and equatorial cross-section (b) showing deep moon-
quake nests (circles) and the Apollo seismic stations (diamonds). Between 1969 and 1977, the four
Apollo stations recorded more than 7000 deep moonquakes occurring in about 300 different nests;
locations were obtained for about 100 nests. The map includes locations for all nests, including
those with undetermined depths, while the cross-section shows only the nests with depths deter-
mined. (Modified from Frohlich and Nakamura 2009)

eight-year operation of the Apollo seismic network, over 12,000 seismic events
were recorded and catalogued, including 28 shallow moonquakes, 7083 deep moon-
quakes, 1744 meteoroid impacts, 9 artificial impacts, and 3639 unclassified events,
according to the most recent results of the Apollo data processing (Nakamura 2005;
Khan et al. 2013).

Most of the moonquakes were very small with equivalent body-wave magni-
tudes around 1-3 in case of the deep moonquakes, while ranging up to M 5 for a
set of shallow events (Goins et al. 1981). Lunar seismic signals were typically of
very long duration, of high frequency, and of reverberating nature with small first
arrivals and slowly building amplitudes followed by a slow decay (Fig. 8.2). The
most prominent feature of the lunar signals is their anomalously long continuance,
and they typically continued for 30 min to 2 h (Toksoz et al. 1974; Lammlein 1977;
Khan et al. 2013). It is considered that these signals were caused by intense scatter-
ing of the waves in the uppermost layers of the lunar crust. Topographic features,
lunar regolith, compositional boundaries, and especially joints and cracks in the
crust, become very efficient scatters in the absence of water and volatiles and thus
absence of damping (Toksoz et al. 1974; Lammlein 1977). The interested reader is
referred to Lognonne and Johnson (2007) and Khan et al. (2013) for comprehensive
reviews of the lunar seismic network and moonquakes.
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Fig. 8.2 Examples of waveforms for (a) natural and (b) artificial impacts, (¢) shallow moonquake,
and (d—f) deep moonquakes recorded on long-period channels by the Apollo lunar seismic net-
work. All records span 55 min; X-axis time is in minutes, Y-axis is in digital units. (Modified from
Lognonne and Johnson 2007)

The updated lunar seismic data processed and compiled by Lognonne et al.
(2003) and Nakamura (2005) were used for tomographic imaging of the lunar inte-
rior by Zhao et al. (2008, 2012a). In the selected data set used in the tomographic
studies, there are 221 P-wave arrivals from 80 moonquakes (including 120 arriv-
als from 46 deep events and 101 arrivals from 34 shallow events) (Fig. 8.4), and
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Fig. 8.3 Schematic diagram of the internal structure of the Moon. The structure deeper than the
location of deep moonquakes is subject to large uncertainty. A12—A16 denote relative locations
of the Apollo lunar seismic stations. (Modified from Wieczorek et al. 2006 and Khan et al. 2013)

381 S-wave arrivals from 123 moonquakes (including 342 arrivals from 102 deep
events, and 39 arrivals from 21 shallow events) (Fig. 8.5). In the Apollo data set,
there are more S-wave arrivals than P-wave arrivals (Nakamura 2005; Lognonne
et al. 2003), which is in contrast to earthquake data. This discrepancy is due to the
differences in waveforms between earthquakes and moonquakes (Fig. 8.6). Moon-
quake waveforms exhibit low attenuation, strong scattering, and long duration (e.g.,
Nakamura 2005; Lognonne et al. 2003), hence they are quite different from earth-
quake seismograms.

As shown in Figs. 8.4 and 8.5, some shallow moonquakes had very close hy-
pocenter locations, whereas the deep moonquakes occurred in a depth range of
747-1419 km, which were located by Nakamura (2005) using the 1-D P- and S-
wave velocity model of Nakamura (1983) (Fig. 8.7). It was suggested that the lu-
nar interior may be divided into layers with the following depth ranges: the crust
(058 km), the upper mantle (58-270 km), the middle mantle (270-500 km), and
the lower mantle (>500 km) (Nakamura 1983). It is still unclear whether a metallic
core exists in the center of the Moon or not, though recent studies on possible core
reflected waves in the Apollo lunar seismic data suggested the existence of a small
dense lunar core with a radius of <400 km which corresponds to 1-3 % of lunar
mass (Garcia et al. 2011; Weber et al. 2011).
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Fig. 8.4 Distribution of moonquakes (open circles) that had P-wave arrival-time data used in tomo-
graphic inversion in (a) map view, and (b) north-south and (c¢) east-west vertical cross-sections.
The open triangles in (a) denote the four seismic stations installed during the Apollo missions.
The two cross-sections (b, ¢) are along the lunar central meridian and the equator, respectively.
The dotted lines in (b) and (¢) denote depths of 400, 650, and 1000 km for better visualizing the
hypocenter distribution of moonquakes. (Modified from Zhao et al. 2008)

The 1-D lunar velocity model shows seismic velocities down to a depth of

1000 km (Fig. 8.7). In the tomographic studies (Zhao et al. 2008, 2012a), the P- and
S-wave velocities in the deeper areas are assumed to be the same as those at a depth
of 1000 km, which seems reasonable considering the recent 1-D velocity models
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Fig. 8.5 The same as Fig. 8.4 but for the moonquakes with S-wave data used in tomographic
inversion. (Modified from Zhao et al. 2008)

of the lunar interior (Garcia et al. 2011; Weber et al. 2011). One moonquake had a
focal depth of 559 km (Fig. 8.5b, c), which was not a typo but a result of the moon-
quake location procedure (Y. Nakamura, personal communication with D. Zhao
in November 2007). These invaluable data of the shallow and deep moonquakes
recorded by the Apollo seismic network enabled to estimate not only 1-D seismic
velocity models but also a 3-D velocity model of the lunar interior (Zhao et al. 2008,
2012a).
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Fig. 8.6 Deep moonquake and deep earthquake seismograms, plotted with probable S arrivals
aligned. a Horizontal-component displacement seismogram for a deep moonquake occurring on 5
June 1973 at the Apollo lunar station 16, at a source-station epicentral distance of ~ 1600 km. With
a magnitude corresponding approximately to a terrestrial mb of 2.5, this moonquake was among
the largest deep moonquakes occurring between 1969 and 1977 in the A1 source region, which had
a focal depth estimated to be 870 km. The absence of an impulsive P phase and the long ringing
coda are typical of moonquake seismograms. b Horizontal-component displacement seismogram
for a deep earthquake occurring in the Philippines on 23 May 1998 and recorded at station TATO
at a source-station epicentral distance of 1878 km. Harvard reported Mw of 6.0 and a focal depth
of 629 km for this earthquake. Here the signal has been narrow-band filtered so that the instrument
responses are similar for the two records shown. (Modified from Frohlich 2006)

8.2 Inversion and Synthetic Tests

A seismic tomography method which was developed for studying the 3-D structure
of the Earth (Zhao 2001) was applied to the selected lunar data set for determining
the 3-D P- and S-wave velocity models of the Moon (Zhao et al. 2008). Although
many 1-D velocity models of the lunar interior have been proposed, as mentioned
above, the 1-D model by Nakamura (1983; Fig. 8.7) was adopted as the starting
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Fig. 8.7 One-dimensional P- and S-wave velocity model of the Moon determined by Nakamura
(1983)

model for the 3-D tomographic inversion, because the hypocenter parameters of all
the deep moonquakes used were determined with this velocity model (Nakamura
2005). This well-established 1-D velocity model was determined using the com-
plete data set of 5-year simultaneous operation of four Apollo seismometers includ-
ing many deep moonquake sources (see Nakamura 1983 for details).

Figures 8.8 and 8.9 show the distributions of the 221 P- and 381 S-wave ray
paths used, which were calculated for the 1-D velocity model (Fig. 8.7). The P-
wave data have a better ray coverage in the upper mantle (Fig. 8.8), because the
P-wave data set contains more shallow moonquakes than the S-wave data set. In
contrast, the S-wave ray paths have a better coverage in the lower mantle under
the Apollo seismic network (Fig. 8.9). Data from a few far-side deep moonquakes
(Nakamura 2005) also contributed to the ray coverage (Figs. 8.8 and 8.9).

For expressing the 3-D velocity structure, a 3-D grid was set up in the lunar crust
and mantle down to a depth of 1000 km (Fig. 8.10). The grid interval is 10° in the
lateral direction (note that 1°=30.3 km at the lunar equator), which is comparable to
the grid interval adopted in global tomography of the Earth (e.g., Zhao 2001, 2004;
Zhao et al. 2013). Six layers of grid mesh were set up at depths of 20, 150, 300, 500,
700 and 900 km (Fig. 8.10b). The velocity perturbations at every grid nodes from
the 1-D velocity model (Fig. 8.7) were taken as unknown parameters. The velocity
perturbation at any point in the model was calculated by linearly interpolating the
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Fig. 8.8 Distribution of ray paths for P-wave arrival-time data used in tomographic inversion in a
map view, and b north-south and ¢ east-west vertical cross-sections. The open circles and triangles
denote the moonquakes and the four Apollo seismic stations, respectively. (Modified from Zhao
et al. 2008).

velocity perturbations at the eight grid nodes surrounding that point. A 3-D ray-
tracing technique (Zhao et al. 1992; Zhao 2001) was used to compute travel times
and ray paths for every P- and S-wave data. Elevations of the four Apollo seismic
stations were taken into account in the 3-D ray tracing. The LSQR algorithm (Paige
and Saunders 1982) with damping and smoothing regularizations was used to solve
the system of observational equations that relate the arrival-time data to the un-
known velocity parameters (Zhao 2001; Zhao et al. 2008, 2012a).
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Fig. 8.9 The same as Fig. 8.8 but for the S-wave rays used in tomographic inversion. (Modified
from Zhao et al. 2008)

In the tomographic inversions, raw travel-time residuals of the shallow moon-
quakes were used, because the origin time and hypocenter location of each shallow
moonquake were determined (Lognonne et al. 2003). In contrast, relative travel-time
residuals of the deep moonquakes were used in the tomographic inversions, because
the individual deep moonquakes were small and so their seismic signals were weak,
hence Nakamura (2005) used a waveform-stacking technique to measure the P- and
S-wave travel times from a group of deep moonquakes which occurred in the same
nest. Thus, the origin times of the deep moonquakes were not available in the data
set complied by Nakamura (2005). The procedure for the calculation of relative
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Fig. 8.10 Distribution of the grid nodes adopted for tomographic imaging in map view (a) and a
vertical cross-section (b). The open triangles denote the four Apollo seismic stations. (Modified
from Zhao et al. 2008)

travel-time residuals for the deep moonquakes (Zhao et al. 2008) is the same as that
for the teleseismic events in the terrestrial tomography (Zhao et al. 1994, 2012b).

Map views and vertical cross-sections of the lunar P- and S-wave tomography
obtained by Zhao et al. (2008) are shown in Figs. 8.11, 8.12, 8.13 and 8.14. The
lunar seismicity (Lammlein 1977; Lognonne et al. 2003; Nakamura 2005) is also
shown in these tomographic images.

Many synthetic tests were conducted to assess the adequacy of the ray coverage
and to evaluate the resolution of the lunar tomography (Zhao et al. 2008, 2012a).
Some of the test results are shown in Figs. 8.15, 8.16, 8.17 and 8.18. In these syn-
thetic tests, the numbers and locations of seismic stations, moonquakes, as well as
the P- and S-wave rays are the same as those in the real data set (Figs. 8.4 and 8.5).
An input model was first constructed that contains the main features of velocity
anomalies appeared in the obtained tomographic images (Figs. 8.11-8.14). Then
theoretical travel times and ray paths for the synthetic input model were computed
using the 3-D ray-tracing technique (Zhao et al. 1992), and random errors were
added to the theoretical travel times to make a synthetic data set. By inverting the
synthetic data using the same algorithm as for the real data, the output model was
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Fig. 8.11 Map views of P-wave tomography at six depth slices under the near-side of the Moon.
The depth is shown above each map. The red and blue colors denote low and high velocities,
respectively. The scale of velocity perturbations (in %) relative to the 1-D velocity model (Fig. 8.7)
is shown at the bottom. White triangles denote the 4 Apollo seismic stations. The white dots show
the moonquakes which occurred within a depth range of 150 km of each layer. (Modified from
Zhao et al. 2008)
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Fig. 8.12 The same as Fig. 8.11 but for S-wave tomography. (Modified from Zhao et al. 2008)
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Fig. 8.13 Vertical cross-sections of P-wave tomography along the 4 profiles shown on the insert
map. The red and blue colors denote low and high velocities, respectively. The scale of velocity
perturbations (in %) relative to the 1-D velocity model (Fig. 8.7) is shown below (c). The white
dots denote moonquakes which occurred within a 150 km width of each profile. The open triangles
on the inset map denote the 4 Apollo seismic stations. (Modified from Zhao et al. 2008)

obtained which shows the recovered image of the synthetic input model. Comparing
the inverted output model with the input synthetic model, we can know whether and
how well an anomaly in the input model can be reconstructed or not. Such synthetic
tests have been widely used to evaluate the quality and resolution of a tomographic
result, and performing the tests has become a standard procedure for tomographic
studies (for details, see Chapter 2 of this book).

The uncertainties of the lunar arrival-time data are much larger than those of
earthquake data, being estimated to be 1-2 s or even greater (Lognonne et al. 2003;
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Fig. 8.14 The same as Fig. 8.13 but for S-wave tomography. (Modified from Zhao et al. 2008)

Nakamura 2005). The larger uncertainties of the lunar data are related to the charac-
teristics of the moonquake waveforms as mentioned above (e.g., Figs. 8.2 and 8.6).
Many synthetic tests were conducted by adding different levels of random noise to
the synthetic data (Zhao et al. 2008). Figures 8.15 and 8.16 show the synthetic test
results for P-wave tomography with noise levels of 0.5 and 2.0 s, respectively. The
similar synthetic test results for S-wave tomography are shown in Figs. 8.17 and
8.18. These test results indicate that velocity anomalies in the lunar mantle with
sizes greater than 300 km beneath the Apollo seismic network can generally be re-
constructed, though smearing is visible around the edges of the velocity anomalies
(Figs. 8.15-8.18).
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Fig. 8.15 A synthetic test for P-wave tomography. The /left and right panels show the input and
output models, respectively. In this test, random errors with a normal distribution having a stan-
dard deviation of 0.5 s were added to the theoretical travel times calculated for the input model.
(Modified from Zhao et al. 2008)
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Synthetic test with noise of 2.0 s
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Fig. 8.16 The same as Fig. 8.15 but the standard deviation of the random errors is 2.0 s. (Modified
from Zhao et al. 2008)
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Fig. 8.17 The same as Fig. 8.15 but for S-wave tomography. (Modified from Zhao et al. 2008)
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Synthetic test with noise of 2.0 s
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Fig. 8.18 The same as Fig. 8.16 but for S-wave tomography. (Modified from Zhao et al. 2008)
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8.3 Lunar Tomographic Images

The obtained lunar tomography shows that significant lateral velocity variations
exist in the lunar mantle (Figs. 8.11-8.14). The followings are some of the main fea-
tures which are recoverable by the synthetic tests (Figs. 8.15-8.18). In the P-wave
tomography (Figs. 8.11 and 8.13), a large low-velocity (low-V) anomaly is visible
in the depth range of 200-800 km under the Apollo seismic network, and several
high-velocity (high-V) zones exist in the upper and middle mantle around the low-
V anomaly. A few smaller low-V zones are visible in the lower mantle at depths
of 700-1000 km, while average-to-higher velocities prevail in the shallow mantle
(Fig. 8.13). The S-wave tomography (Figs. 8.12 and 8.14) exhibits a pattern of ve-
locity variations different from that of the P-wave tomography. Low-V anomalies
prevail in the shallow mantle down to a depth of 200-300 km (Fig. 8.14). In con-
trast, high-V zones prevail in the middle to lower mantle under the Apollo seismic
network, and a few low-V anomalies exist around the high-V zones (Fig. 8.14).
After the 3-D P- and S-wave velocity (Vp, Vs) images are obtained, 3-D Pois-
son’s ratio (o) images were obtained using the relation (Vp/Vs)?>=2(1-6)/(1-20),
following the approach of Zhao et al. (1996). By definition, Poisson’s ratio is the
ratio of the radial contraction to axial elongation, and it is more sensitive to com-
positional variations and content of fluids and melts than Vp and Vs alone, and so
it is a very useful parameter in studying the physical and petrologic properties of
the crust and mantle (e.g., Christensen 1996; Zhao et al. 1996). When crustal fluids
exist in an earthquake source area or a hot magma chamber exists under an active
volcano, they can be detected as low-V and high-c anomalies by high-resolution
local tomography (e.g., Zhao et al. 1996, 2015; Mishra and Zhao 2003; Cheng et al.
2011). Figures 8.19 and 8.20 show the estimated Poisson’s ratio images of the lunar
interior (Zhao et al. 2008). A prominent high-c zone is visible in most of the mantle
under the Apollo stations A15 and A16 (Fig. 8.20c, d), whereas a low-c anomaly ex-
ists at depths of 400—800 km under the Apollo stations A12 and A14 (Fig. 8.20a, ¢).

8.4 Discussion

8.4.1 Feasibility of Lunar Seismic Tomography

The Apollo seismic network consisted of only four stations, which were not suf-
ficient to locate the moonquakes precisely. The uncertainty in the moonquake loca-
tions ranges from a few to tens of kilometers, which prevents from determining a
precise tomography of the lunar interior. As a matter of fact, even the 1-D velocity
models determined by different researchers show some discrepancies (see the re-
cent review by Khan et al. 2013).

The lunar tomography, however, has some advantages over the terrestrial tomog-
raphy (Zhao et al. 2008). The first is that moonquakes occurred down to a depth of
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Fig. 8.19 Map views of the Poisson’s ratio (PR) image at six depth slices. The depth is shown
above each map. The red and blue colors denote high and low values of Poisson’s ratio, respec-
tively. The scale of perturbations (in %) relative to the average value (0.25) is shown at the bottom.
The open triangles denote the 4 Apollo seismic stations. The white dots show the moonquakes
which occurred in a depth range of 150 km of each layer. (Modified from Zhao et al. 2008)
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Fig. 8.20 Vertical cross-sections of the Poisson’s ratio image along the four profiles shown on the
inset map. The red and blue colors denote high and low values of Poisson’s ratio, respectively. The
scale of perturbations (in %) relative to the average value (0.25) is shown below (¢). The white dots
denote moonquakes which occurred within a 150-km width of each profile. The black triangles on
the inset map denote the four Apollo seismic stations. (Modified from Zhao et al. 2008).

1400 km (note that the lunar radius is 1738 km), enabling seismic waves from the
deep moonquakes to sample a large fraction of the depth range in the lunar interior
even with a local seismic array, which is very favorable from the viewpoint of tomo-
graphic imaging. In contrast, earthquakes occur down to a depth of 670 km (~1/9
of the Earth’s radius), and so deep Earth tomography cannot be determined without
a global seismic network. The second advantage is related to the fact that the Moon
is much smaller than the Earth. A distance of 10° is 303 km at the lunar equator,
whereas it is 1112 km on Earth. As shown in Zhao et al. (2008), lunar tomography
can be obtained with a lateral resolution of ~300 km or shorter with a local or re-
gional seismic array consisting of a few stations, if the moonquake hypocenters can
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be located reasonably well with the seismic array (hypocenter uncertainty <10 km).
This resolution scale is comparable or even better than that of the current global
tomography of the Earth (e.g., Zhao et al. 2013). Therefore, future seismic imag-
ing of the lunar interior with a new seismic network on the Moon is optimistic and
feasible.

Two key issues of lunar seismic tomography are: (1) picking up P- and S-wave
arrival times precisely, and (2) locating moonquakes accurately. The first issue can
be solved using the updated technologies of seismic instrumentation and waveform
processing. To resolve the second issue, later phases, i.e., reflected and converted
waves at the lunar surface and velocity discontinuities (if any) in the lunar interior,
have to be detected and used for locating the moonquakes, because the number of
available seismic stations on the lunar surface will be limited. Many previous stud-
ies have shown that the later-phase data are very useful for constraining hypocentral
locations of earthquakes (e.g., Umino et al. 1995; Zhao et al. 2002, 2011b; Liu
et al. 2013a, b) and for improving the ray path coverage for tomographic imaging
(e.g., Zhao et al. 1992, 2005; Xia et al. 2007; Sun et al. 2008; Gupta et al. 2009).
Zhao et al. (2005) obtained a high-resolution local crustal tomography of the 1992
Landers earthquake (M 7.3) area using only two seismic stations, because they used
many reflected waves between the surface and the Moho discontinuity (ScS, sScS)
in addition to the first S-wave arrivals (consisting of the direct S-waves and Sn head
waves refracted from the Moho), which were detected in the observed seismograms
of the Landers aftershocks using waveform modeling techniques (e.g., Helmberger
et al. 2001; Abdelwahed and Zhao 2005, 2014).

8.4.2 Lunar Tomography and Thorium Abundance

Many researchers have suggested that a dichotomy in geological processes may
have existed between the lunar nearside and farside (e.g., Warren and Wasson 1979;
Arai et al. 2008, 2010; Yamashita et al. 2010, and many references therein). The
two sides exhibit distinct differences in the surface topography (Araki et al. 2009),
gravity field (Namiki et al. 2009; Yan et al. 2012), crustal thickness (Hikida and
Wieczorek 2007; Ishihara et al. 2009; Wieczorek et al. 2013), and composition
(e.g., Arai et al. 2008, 2010). The dichotomy may be a combined result of asymmet-
ric crystallization of a primordial magma ocean, post-magma-ocean magmatism
and resurfacing by basin formation (Arai et al. 2008). The analysis of the returned
lunar samples and meteorites revealed that the Moon’s evolution was drastically
different from that of the Earth (e.g., Warren and Wasson 1979; Arai et al. 2010,
and references therein). Returned samples from the Apollo 12, 14 and 15 sites were
found to contain highly elevated concentrations of incompatible trace elements,
and these rocks were given the name KREEP, because of their high levels of po-
tassium (K), rare earth elements (REE), and phosphorous (P). Although the abso-
lute concentrations of these elements vary among the KREEP-rich samples, their
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Fig. 8.21 A schematic cross-section of the Moon for illustrating an asymmetric crust composition,
stratigraphy and thickness in conjunction with the three terranes and mare basalt distribution. PKT
denotes the Procellarum KREEP Terrane; FHT is the Feldspathic Highlands Terrane; and SPAT is
the South Pole-Aitken Terrane. (Modified from Arai et al. 2008)

relative concentrations tend to be roughly consistent (Warren and Wasson 1979;
Arai et al. 2008, 2010).

Previous studies have shown that the lunar surface can be divided into three
major terranes (Fig. 8.21): the Procellarum KREEP Terrane (PKT), the Feldspathic
Highlands Terrane (FHT), and the South Pole-Aitken Terrane (SPAT), largely on the
basis of geochemical, petrological, and geophysical criteria that indicate each ter-
rane experienced a fundamentally different geological evolution (Jolliff et al. 2000;
Arai et al. 2008). The PKT and FHT are likely originated from an early global-scale
differentiation. The PKT constitutes only ~15% or less of the crust, but it owes
much of its unique character to the sequestration there of a large portion of radioac-
tive heat-producing elements in the Moon (Fig. 8.22c). Mass balance models for
thorium (Th) which are based on surface expressions of the terranes indicate that
some 75 % of lunar Th is located within the crust and that 40 % of this occurs within
the PKT, hence the PKT is a unique and fundamental geochemical crustal province
of the Moon (Jolliff et al. 2000; Lawrence et al. 2000; Saito 2008; Arai et al. 2010;
Fig. 8.22c). The spatial distribution of mare volcanism closely parallels the confines
of the PKT, suggesting a causal relationship between the two phenomena (Wiec-
zorek and Phillips 2000). The depth extent of the PKT and the vertical distribution
of KREEP materials are an important issue concerning the internal structure and
evolution of the Moon. However, the issue has remained unconstrained because
of the lack of information on the structure of the lunar crust and mantle. The lunar
tomography has shed new light on this important issue.

Zhao et al. (2012a) discussed the internal structure in and around the PKT by
comparing lunar seismic tomography with the Th surface distribution (Fig. 8.22). A
significant low-V anomaly is visible down to a depth of ~ 150 km under the western
side of the Apollo seismic network, i.e., beneath the Apollo stations 12, 14 and 15
(Fig. 8.22a, b), and the low-V anomaly extends down to a depth of ~300 km under
the Apollo station A15 (Fig. 8.12c). The lateral extent of the low-V zone is well
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Fig. 8.22 Map views of S-wave tomography at (a) 20 km and (b) 150 km depths under the near-
side of the Moon. The other labeling is the same as that of Fig. 8.12. (¢) Distribution of the thorium
abundance on the lunar surface (modified from Saito 2008 and Lawrence et al. 2000). (Modified
from Zhao et al. 2012a)

consistent with the area with significant high Th abundance in the PKT (Fig. 8.22).
In contrast, beneath the landing sites of Apollo 16 and 17, the S-wave tomography
exhibits distinct high velocity, which corresponds to low Th abundance (Fig. 8.22).
The vertical cross-sections of the tomography show that the low-V zone is vis-
ible down to a depth of 300-400 km under the Apollo stations 12, 14 and 15
(Fig. 8.14b, c).

Many researchers have attempted to interpret seismic velocity anomalies imaged
by seismic tomography, and the results show that velocity anomalies could be the
product of thermal anomalies, compositional variations (including volatiles), and
the presence of partial melt, cracks, anisotropy, or a combination of these factors
(see the reviews by Zhao 2009, 2012). In the Earth’s mantle, however, velocity
anomalies are mainly affected by lateral variations in temperature. Th is a signifi-
cant heat-producing radioactive element, and so it is reasonable to consider that the
PKT area with high Th abundance has a higher temperature than the surrounding
lunar crust and mantle materials, hence it is imaged as a low-V anomaly by lunar
seismic tomography (Zhao et al. 2012a). Note that S-wave velocity is much more
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sensitive to temperature variations than P-wave velocity, hence the high-Th area
in the PKT is better imaged by S-wave tomography than the P-wave tomography
(Zhao et al. 2008, 2012a). The composition of the PKT area, such as the KREEP
basalt, can certainly affect the seismic velocity. Hence the lower S-wave velocity in
the PKT region may reflect both a higher temperature and the KREEP basalt there.

A thermal-conduction modeling study shows that the dramatic enhancement of
heat-producing elements within the PKT has had a significant influence on the ther-
mal and magmatic evolution of the PKT (Wieczorek and Phillips 2000). By placing
a 10 km layer of KREEP basalt at the base of the crust in the PKT, the modeling
results show that this material would remain molten for a few billion years and that
it would additionally heat and partially melt the underlying mantle. Partial melting
of the mantle may have occurred over most of the lunar history, and the maximum
depth of melting may increase with time to a depth of ~600 km. This modeling re-
sult is consistent with the long duration of mare magmatism (from at least 4.2 Ga to
~900 Ma) as well as the depth of origin of mare basalts (<540 km) (Longhi 1992).

Zhao et al. (2012a) suggested that the thermal anomaly under the PKT has ex-
tended down to a depth of 300—400 km, considering the correlation between the Th
abundance distribution and the lunar tomography, as well as the thermal modeling
results of Wieczored and Phillips (2000). If we assume temperature to be the only
source of the seismic heterogeneity, the S-velocity variations revealed by tomog-
raphy correspond to a temperature increase of 100—150 K, roughly consistent with
that predicted by Wieczorek and Phillips (2000).

8.4.3 Mantle Heterogeneity and Deep Moonquakes

The distribution of deep moonquakes shows a good correlation with the seismic
velocity variations in the lunar lower mantle revealed by the lunar tomography
(Figs. 8.14 and 8.23). Most of the deep moonquakes are located in areas with an
average-to-higher velocity or at the boundary between the low-V and high-V zones,
and there are few deep moonquakes in the low-V zones. To confirm this feature,
Zhao et al. (2008, 2012a) conducted many tomographic inversions by adopting dif-
ferent values of damping and smoothing parameters, and found that the damping
and smoothing affect only the amplitudes of velocity anomalies but do not affect
the pattern of velocity variations. They also adopted different grid intervals to con-
duct tomographic inversions, and found that the pattern of the tomographic image
remains the same and the correlation between the deep moonquake distribution and
tomography is a reliable feature.

The spatial correlation between the deep moonquakes and lunar tomography
suggests that the generation of deep moonquakes was affected by the structural
heterogeneity in the lunar deep mantle in addition to the tidal stresses. This feature
is very similar to that of shallow and deep earthquakes which take place in the crust
and upper mantle of the Earth. All the intermediate-depth and deep earthquakes
(60—670 km depth) occur within the subducting oceanic or continental lithosphere
(slab) in the upper mantle and the mantle transition zone, and they always form a
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Fig. 8.23 Vertical cross-sections of S-wave tomography along the four profiles shown on the inset
map. The red and blue colors denote low and high velocities, respectively. The scale of velocity
perturbations (in %) relative to the 1-D velocity model (Fig. 8.7) is shown at the bottom. The open
circles denote moonquakes which occurred within a 150 km width of each profile. The black
triangles on the inset map and the red triangles atop the cross-sections denote the four Apollo
seismic stations. (Modified from Zhao et al. 2012a)

clear dipping seismic zone, called the Wadati-Benioff zone. The subducting slabs
are colder than the surrounding mantle and so they exhibit a higher seismic velocity
and thus can be imaged by seismic tomography (e.g., Zhao 2004; Jiang et al. 2009;
Zhao and Ohtani 2009; Wei et al. 2012). Recent seismological studies have shown
that the generation of deep earthquakes may be associated with fine structural het-
erogeneities within the subducting slab, such as the metastable olivine wedge at
depths of the mantle transition zone (e.g., Jiang et al. 2008; Jiang and Zhao 2011).
The occurrence of intermediate-depth and deep earthquakes may be also affected
by the complex dehydration processes in the subducting slab (e.g., Mishra and Zhao
2004; Ohtani and Zhao 2009; Zhao and Ohtani 2009; Wei et al. 2012, 2013; Zhao
and Tian 2013). Many workers have investigated the 3-D seismic velocity structure
in the source areas of large crustal earthquakes which occurred in various tectonic
settings, and the results show that the nucleation of all the large crustal earthquakes
was affected (or controlled) by structural heterogeneities in the crust and uppermost
mantle (e.g., Mishra and Zhao 2003; Huang and Zhao 2004, 2009; Qi et al. 2006;
Lei and Zhao 2009; Xu and Zhao 2009; Wei and Zhao 2013; Chen et al. 2014;
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Cheng et al. 2011, 2014). For some large crustal earthquakes in subduction zones,
structural heterogeneities in the focal area are associated with arc fluids and mag-
mas caused by dehydration of the subducting slab and corner flow in the mantle
wedge (e.g., Ikeda et al. 2006; Wang and Zhao 2006; Xia et al. 2008; Zhao et al.
2010, 2011a, 2015; Cheng et al. 2011; Padhy et al. 2011; Tong et al. 2011, 2012). It
is also found that the nucleation of the great 2011 Tohoku-oki earthquake (Mw 9.0)
and other megathrust earthquakes (M >7.0) was affected by structural heterogene-
ities in the interplate megathrust zone under the fore-arc regions, which may reflect
the subducted sediments and seamounts, as well as fluids from the slab dehydration
(e.g., Zhao et al. 2011b; Huang and Zhao 2013a, b; Liu et al. 2013a, b, 2014).

Almost all the deep moonquakes are located in the depth range of 750-1400 km
(Figs. 8.1, 8.4 and 8.5). A few possible mechanisms have been proposed to explain
this feature (Latham et al. 1973), including: (a) Maximum thermo-elastic stresses in
a cooling Moon occur in that depth range; (b) Abrupt phase changes of mantle mate-
rial take place in the active focal zones; (c) A concentration of fluids in that depth
range leads to a reduction of effective friction or a weakening of the silicate bond,
(d) Weak convective motions at depth beneath a thick, rigid mantle might gener-
ate deep moonquakes without the surface manifestations associated with terrestrial
plate tectonics; and (e) Radial variations in rigidity of the lunar material may be
such as to concentrate the dissipation of tidal energy at great depth. The correlation
between the deep moonquake distribution and lunar tomography may be explained
by the phase changes, variations in rigidity, and the presence of fluids in the focal
zones (Zhao et al. 2012a).

The characteristics of deep moonquakes were compared with those of intermedi-
ate-depth earthquakes, and it was suggested that there are partial melts or fluid phas-
es in the lunar mantle that permit deep moonquakes to occur repeatedly (Frohlich
and Nakamura 2009). Recent petrological and modeling studies also suggested that
the bulk Moon might not be completely depleted in highly volatile elements in-
cluding water and the presence of water should be taken into account in models
constraining the lunar formation and its thermal and chemical evolution (Saal et al.
2008; McCubbin et al. 2010; Elkins-Tanton and Grove 2011). The lateral seismic-
velocity variations in the lunar crust and mantle revealed by seismic tomography
(Figs. 8.11-8.14) can be better explained by the presence of fluid phases and partial
melts in the lunar interior (Zhao et al. 2012a).

8.4.4 Geodynamic Implications

A dense ilmenite-rich layer, which originally crystallized near the top of the lunar
magma ocean, may have sunk to the center of the Moon due to the gravitational
instability during the late stage of magma ocean crystallization (Parmentier et al.
2002). A dynamic cumulate overturn may have occurred as a result of unstable
cumulate density stratification of the magma ocean (Snyder et al. 1992; Hess and
Parmentier 1995). Late-stage products of magma ocean solidification should be
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enriched in incompatible elements, such as Ti and KREEP. The deeper low-V zones
(Fig. 8.23) may reflect the downwelling, ilmenite-rich KREEP materials (Zhao
et al. 2012a). In addition, a recent thermo-chemical convection model has shown
that hot plumes developing from the hot ilmenite core may rise into the mantle from
the core-mantle boundary to accommodate the rapid cooling of the core (de Vries
et al. 2010). These plumes have temperatures that exceed the solidus temperature
of peridotite and cause melt zones, which spread out well below the crust. These
partial-melt zones do not spread out under the full surface, but are localized, which
may have been imaged as low-V zones in the upper mantle by the lunar tomog-
raphy (Figs. 8.11-8.14). Although the timing of the mantle dynamics cannot be
constrained, the lunar tomography provides a new line of evidence for the mantle
dynamics beneath the near-side of the Moon. The tomographic results may indicate
that the Moon experienced nearly global melting down to a depth of ~1000 km,
solidification, and subsequent dynamical processes (Zhao et al. 2012a). The non-
uniform distribution of deep moonquakes (Figs. 8.1, 8.4 and 8.5) may also reflect
the existence of structural heterogeneities in the lower mantle of the Moon.

Sakamaki et al. (2010) measured the density of the Apollo 14 black glass melt,
which has the highest TiO, content of pristine mare glasses, to 4.8 GPa and 2100 K
using an X-ray absorption method. The pressure—density—temperature data were
fit to the high-temperature Birch-Murnaghan equation of state, which yielded the
isothermal bulk modulus K ,;=9.0+1.2 GPa, its pressure derivative Ko’: 16.0+3.4,
and the temperature derivative of the bulk modulus (dK,/0T),=-0.0030+0.0008
GPa/K at 1700 K. The high-Ti basalt magma has a density lower than the lunar
mantle below ~ 1.0 GPa. Thus, the high-Ti basalt magma produced in the hybridized
source (100-200 km depth) can ascend to the lunar surface. The basalt formed at
the higher pressure could not ascend but move downwards, and solidify in the lunar
mantle. The solidified high-Ti basalt components can cause chemical heterogene-
ities in the lunar mantle, which may lead to the low-V anomalies revealed by the
lunar tomography (Sakamaki et al. 2010).

It should be pointed out that the lunar mantle tomography is only a snapshot of
the interior of the present Moon, or more precisely, the time when the lunar seismic
data were collected during the Apollo missions. Hence it is difficult to estimate the
period of lunar mantle dynamics just from the tomographic images. However, be-
cause deep moonquakes occur actively and significant seismic-velocity variations
are revealed in the lunar mantle (Figs. 8.11-8.14), it is reasonable to infer that the
interior of the present Moon may still be thermally and dynamically active, though
much less vigorous as in the Earth’s interior. Because there is no volcanic activity at
present, it is generally considered that the Moon is no more thermally active. How-
ever, recent, probably present, gas release features have been discovered at several
locations in and around the PKT (Schultz et al. 2006). Numerical-modeling stud-
ies on the lunar thermal history have also suggested that the interior of the present
Moon contains both thermal and compositional anomalies (e.g., Konrad and Spohn
1997; Zhong et al. 2000; Stegman et al. 2003; Ziethe et al. 2009; de Vries et al.
2010). All these geophysical and geochemical results indicate that deep magmas
and thermal anomalies, as well as compositional variations, coexist in the present
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lunar mantle, which have been imaged as seismic-velocity variations by the lunar
tomography (Zhao et al. 2008, 2012a).

Because of the limitations of the Apollo seismic data, the tomographic study of
the Moon has to be considered as an experimental work. Future lunar explorations,
such as the upcoming Japanese Lunar-A mission (Mizutani et al. 2003; Yamada
et al. 2009) in which a penetrator-based deployment of seismic stations is planned
in both the near-side and far-side of the Moon, are expected to provide better seis-
mic data enabling us to determine a more reliable tomographic image of the lunar
interior (Zhao et al. 2008). Fundamental scientific questions concerning the internal
structure and dynamics of the Moon, and their implications for the Earth-Moon sys-
tem, are driving the deployment of a new broadband seismological network on the
lunar surface (Yamada et al. 2011). The fundamental but unsolved questions which
are driving the design of the new lunar seismic network include: What are the char-
acteristics of long-period seismic signals on the Moon? What are the size and state
of the lunar core? How heterogeneous is the lunar mantle? (Yamada et al. 2011).
Seismic tomography resulting from new data and waveform modeling of the lunar
seismograms using the obtained 3-D velocity model (e.g., Wang et al. 2013) will be
able to reveal more detailed features of the lunar interior structure and dynamics.

8.5 Summary

Seismic tomography has been applied to invert the moonquake arrival-time data
recorded by the Apollo seismic network operated during 1969 to 1977 to estimate
3-D P- and S-wave velocity and Poisson’s ratio variations in the lunar crust and
mantle down to a depth of 1000-1300 km under the near-side of the Moon (Zhao
et al. 2008, 2012a). The results indicate that tomographic imaging of the lunar inte-
rior is feasible, because deep moonquakes occur actively down to a depth of more
than 1000 km under the Apollo seismic network. The main findings of the lunar
tomographic studies are summarized as follows.

1. Significant structural heterogeneities may exist in the lunar interior, which were
mainly produced at the early stage of the Moon formation and evolution and
have been preserved till today, because there is no plate tectonics in the Moon.

2. A comparison of the lunar tomography with the distribution of thorium abun-
dance on the lunar surface shows that the area with a high-Th abundance in the
PKT exhibits a distinct low S-wave velocity, and the low-velocity zone extends
down to a depth of 300-400 km under the PKT. This result suggests that the
high abundance of radioactive heat-producing elements has resulted in a high
temperature in the PKT, which was imaged as low-velocity anomalies by seis-
mic tomography. The thermal and compositional anomalies under the PKT may
extend from the surface down to a depth of 300400 km in the lunar mantle.

3. Most of the deep moonquakes are located in areas with an average-to-higher
velocity or at the boundary between high-velocity and low-velocity zones,
whereas few deep moonquakes occur in the low-velocity areas. This feature is
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very similar to that of deep and shallow seismicity in the Earth, because many
seismological and mineral-physics studies have shown that the distribution and
generation of all types of earthquakes are affected, or even controlled, by struc-
tural heterogeneities in the terrestrial crust and upper mantle.

4. The existence of deep moonquakes and significant seismic heterogeneities in the
lunar mantle suggests that the interior of the present Moon may still be thermally
and dynamically active, though much less vigorous as in the Earth’s interior.
Future lunar explorations are expected to provide better seismic data enabling us
to determine a better tomography of the lunar interior.
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