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Abstract We review the significant recent results of multiscale seismic tomography of the Western-Pacific subduction
zones and discuss their implications for seismotectonics, magmatism, and subduction dynamics, with an emphasis on the
Japan Islands. Many important new findings are obtained due to technical advances in tomography, such as the handling
of complex-shaped velocity discontinuities, the use of various later phases, the joint inversion of local and teleseismic data,
tomographic imaging outside a seismic network, and P-wave anisotropy tomography. Prominent low-velocity (low-V ) and
high-attenuation (low-Q) zones are revealed in the crust and uppermost mantle beneath active arc and back-arc volcanoes
and they extend to the deeper portion of the mantle wedge, indicating that the low-V /low-Q zones form the sources of
arc magmatism and volcanism, and the arc magmatic system is related to deep processes such as convective circulation in
the mantle wedge and dehydration reactions in the subducting slab. Seismic anisotropy seems to exist in all portions of
the Northeast Japan subduction zone, including the upper and lower crust, the mantle wedge and the subducting Pacific
slab. Multilayer anisotropies with different orientations may have caused the apparently weak shear-wave splitting observed
so far, whereas recent results show a greater effect of crustal anisotropy than previously thought. Deep subduction of the
Philippine Sea slab and deep dehydration of the Pacific slab are revealed beneath Southwest Japan. Significant structural
heterogeneities are imaged in the source areas of large earthquakes in the crust, subducting slab and interplate megathrust
zone, which may reflect fluids and/or magma originating from slab dehydration that affected the rupture nucleation of large
earthquakes. These results suggest that large earthquakes do not strike anywhere, but in only anomalous areas that may be
detected with geophysical methods. The occurrence of deep earthquakes under the Japan Sea and the East Asia margin may
be related to a metastable olivine wedge in the subducting Pacific slab. The Pacific slab becomes stagnant in the mantle
transition zone under East Asia, and a big mantle wedge (BMW) has formed above the stagnant slab. Convective circulations
and fluid and magmatic processes in the BMW may have caused intraplate volcanism (e.g., Changbai and Wudalianchi),
reactivation of the North China craton, large earthquakes, and other active tectonics in East Asia. Deep subduction and
dehydration of continental plates (such as the Eurasian plate, Indian plate and Burma microplate) are also found, which have
caused intraplate magmatism (e.g., Tengchong) and geothermal anomalies above the subducted continental plates. Under
Kamchatka, the subducting Pacific slab shortens toward the north and terminates near the Aleutian-Kamchatka junction.
The slab loss was induced by friction with the surrounding asthenosphere, as the Pacific plate rotated clockwise 30 Ma ago,
and then it was enlarged by the slab-edge pinch-off by the asthenospheric flow. The stagnant slab finally collapses down to
the bottom of the mantle, which may trigger upwelling of hot mantle materials from the lower mantle to the shallow mantle.
Suggestions are also made for future directions of the seismological research of subduction zones.
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Interplate megathrust zone, Earthquakes, Intraplate magmatism, Mantle transition zone.

1. Introduction
The study of subduction zones is of fundamental impor-

tance to Earth scientists because they constitute one of the
key elements in plate tectonics and geodynamics. Subduc-
tion zones are convergent plate boundaries characterized ge-
omorphologically by deep ocean trenches and island arcs or
continental margins, seismically by the largest earthquakes
(M ≥ 9.0) on Earth and the landward dipping plane of
deep earthquakes (the so-called Wadati-Benioff zone), tec-

tonically by regional-scale crustal faulting and terrane move-
ments, and magmatically by a linear belt of eruptive centers
(the so-called volcanic front). Subduction and arc magma-
tism are fundamental processes in the evolution of the Earth.
They play critical roles in the present day differentiation of
the Earth’s materials and are believed to be major sites of
the generation of continental crust (Maruyama and Santosh,
2007). Subduction also plays a significant role in water and
carbon cycles (Ohtani et al., 2004).
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Fig. 1. Tectonic background in and around the Japan Islands. Red triangles denote active volcanoes. Black lines with teeth symbols show the oceanic
trenches where the oceanic plates are subducting into the mantle. (From Schmincke, 2004.)

Seismic tomography is one of the most powerful tools
for studying the structure and dynamics of subduction zones
(Zhao, 2001a). It is a geophysical imaging method to deter-
mine three-dimensional (3-D) images of the Earth’s interior
by combining abundant information from a large number of
crisscrossing seismic waves triggered by natural or artificial
seismic sources. Tomographic imaging can provide crucial
information for us to better understand seismotectonics, vol-
canism and dynamics of the Earth’s interior. It signifies a rev-
olution in Earth science (Dziewonski and Anderson, 1984).
During the past three decades, seismic tomography has had
a far-reaching and deep impact on the geological commu-
nity and will continue to influence future developments in the

Earth sciences (Zhao and Kayal, 2000). Tomographic stud-
ies can be classified in several ways. According to the seis-
mic data used, there is body-wave tomography and surface-
wave tomography; according to the scale of the study areas,
there is global tomography and local/regional tomography;
according to the depth range of the modeling space, there is
crustal tomography, upper-mantle tomography, and whole-
mantle tomography, etc. The pioneer studies of body-wave
tomography were carried out by Aki and Lee (1976) and Aki
et al. (1977) for local and regional scales, and Dziewonski
et al. (1977) for the global scale. Surface-wave tomogra-
phy was initiated by Nakanishi and Anderson (1982), and
Woodhouse and Dziewonski (1984). Generally speaking,
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Fig. 2. Distribution of large crustal earthquakes (gray stars) which have occurred on the Japan Islands since 1995. The year of occurrence and the name
of each earthquake are also shown. Dashed lines and open triangles denote plate boundaries and active volcanoes, respectively. The black star shows
the mainshock epicenter of the great Tohoku-oki earthquake (Mw 9.0) that occurred on 11 March, 2011. (Modified from Island Arc, 19, Zhao, D., M.
Santosh, and A. Yamada, Dissecting large earthquakes in Japan: Role of arc magma and fluids, 4–16, Copyright 2010, with permission from John Wiley
& Sons.)

 

Fig. 3. Surface topography of the Japan Islands and bathymetry of the Japan Sea and Pacific Ocean. (From Yamamoto, 2002.)

surface-wave tomography has a lower spatial resolution be-
cause of the long-wavelength nature of surface waves, and so
it is more appropriate for global and regional-scale studies
(e.g., Tanimoto and Anderson, 1985; Kobayashi and Zhao,
2004; Yoshizawa et al., 2010). In contrast, body-wave to-

mography can have a much higher spatial resolution because
of the short wavelengths of body waves, and it can be applied
to studies from local to global scales (Zhao, 2009). Because
of the sparse and uneven coverage of global seismic net-
works and natural earthquakes, global tomographic models
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Fig. 4. Distribution of earthquakes in and around the Japan Islands during the period June 2006 to September 2010. The color shows the focal depth. The
color scale is shown at the bottom.

still have a lower resolution (> a few hundred kilometers) for
most parts of the Earth, but global models can provide infor-
mation on the deep Earth structure. In contrast, local and re-
gional tomographic models for some regions like Japan and
California have a much higher resolution (5–30 km), thanks
to the dense coverage of seismic stations and the high level
of seismicity there, but these local-tomography models are
limited to the crust and/or the upper mantle. Technical de-
tails of seismic tomography can be found in Aki and Lee
(1976), Thurber (1983), Nolet (1987), Zhao (2001b, 2009),
and Rawlinson et al. (2010), among many other reviews.

So far, multiscale (local, regional and global) approaches
of seismic tomography have been adopted because of the
limitation of seismic data now available in different areas
and the difference in nature and features of each scientific
target (Zhao, 2009). For example, local tomography has
been used to determine high-resolution 3-D fine structure
of the crust and uppermost mantle under volcanic areas and
source zones of large earthquakes to detect structural hetero-
geneities that may be associated with earthquake nucleation
and magma chambers; regional tomography has been used
to image subducting slabs and mantle plumes down to the
mantle transition zone or the uppermost lower mantle, while

global tomography has been used to determine the large-
scale whole-mantle structure to clarify the fate of subduct-
ing slabs, the origin of deep mantle plumes, and deep Earth
dynamics (Zhao, 2009).

The Japan Islands are located in the western Pacific
trench–arc–back-arc system, and form a typical subduction
zone (Fig. 1). Many active arc and back-arc volcanoes exist
in this region, and the arc volcanoes form a clear volcanic
front that is parallel with the oceanic trenches in the western
Pacific (Figs. 2, 3). The Pacific plate is subducting beneath
Hokkaido and Northeast (NE) Japan (Tohoku) from the Kuril
and Japan trenches at a rate of 7–10 cm/year. The Philippine
Sea plate is subducting beneath the central and Southwest
(SW) Japan from the Sagami and Nankai troughs at a rate
of 4–5 cm/year. It is generally considered that Hokkaido
and NE Japan belong to the Okhotsk plate, whereas SW
Japan belongs to the Eurasian (or Amur) plate (e.g., Bird,
2003). Because of the strong interactions between the litho-
spheric plates in and around the Japan Islands, seismicity is
very active there (Fig. 4). Every month, about 11,000 earth-
quakes (M ≥ ∼1.5) take place in and around Japan, which
are recorded by the dense and high-sensitivity seismic net-
works on the Japan Islands (Fig. 5). The seismicity as shown
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Fig. 5. Distribution of high-sensitivity seismic stations on the Japan Islands.

in Fig. 4 actually occurs every month in Japan, and the pat-
tern of earthquake distribution is almost the same, except for
some periods when many aftershocks occur following a great
earthquake, such as the 11 March, 2011, Tohoku-oki earth-
quake (Mw 9.0). Because of the high level of seismicity and
the availability of the dense and high-sensitivity seismic net-
works operated by the Japan Meteorological Agency (JMA),
Japanese national universities, National Research Institute
for Earth Science and Disaster Prevention (NIED), and other
research institutions (Fig. 5), a great amount of high-quality
seismic data has been accumulated and has been used to de-
termine the 3-D seismic structure of the crust and upper man-
tle of the Japan subduction zone. These studies have been
conducted continuously during the past thirty years since the
advent of the seismic tomography method, making the Japan
Islands the best-studied subduction zone in the world.

During the last decade, significant advances have been
made in the multiscale tomographic imaging of subduction
zones, which have shed new light on the arc and back-arc
magmatism, the nucleation mechanism of various types of
earthquakes, and subduction dynamics. In this monograph I
review the recent results of multiscale tomographic imaging
of the Western-Pacific subduction zones and discuss their
geodynamic implications, with an emphasis on the Japanese

region. I have attempted to make a complete and balanced
review on this topic. However, a great amount of literature
exists on this topic and space is limited here, hence I have
drawn mainly on the studies which I have been involved in,
or am relatively familiar with.

2. Advent of Subduction-zone Tomography
Seismic tomography was applied to study the 3-D ve-

locity structure of subduction zones soon after the method
was proposed by Aki and Lee (1976) and Aki et al. (1977).
The first literature on subduction-zone tomography seems to
be Hirahara (1977) who used arrival-time data recorded by
the JMA seismic network, and those compiled by the In-
ternational Seismological Center (ISC), to determine a 3-
D P-wave velocity model down to 650-km depth beneath
the Japan Islands. Although Hirahara adopted coarse cu-
bic blocks, with a size of about 100 km, for tomographic
inversion, he was able to detect the subducting Pacific slab
that exhibits a higher P-velocity than the surrounding man-
tle. Later, many researchers applied the block inversion
method (Aki and Lee, 1976) to local-earthquake arrival times
to study the 3-D velocity structure in many local areas in
Japan (e.g., Hirahara, 1981; Horie and Aki, 1982; Takanami,
1982; Miyamachi and Moriya, 1984; Hasemi et al., 1984;

doi:10.5047/meep.2012.00101.0001 c© 2012 TERRAPUB, Tokyo. All rights reserved.



6 D. Zhao: Tomography and Dynamics of Western-Pacific Subduction Zones

  

  

        

Fig. 6. Depth distributions of (a) the Conrad and (b) Moho discontinuities (Zhao et al., 1990) and (c) the upper boundary of the subducting Pacific
slab (from Hasegawa et al., 1983). The dotted lines in (a) and (b) show the range of the estimated uncertainties (1.0 and 1.5 km). (Reprinted from
Tectonophysics, 181, Zhao, D., S. Horiuchi, and A. Hasegawa, 3-D seismic velocity structure of the crust and uppermost mantle in the northeastern
Japan arc, 135–149, Copyright 1990, with permission from Elsevier.)

  

  

  
  

Fig. 7. Examples of (a) converted wave (SmP) at the Moho discontinuity and (b) PS and (c) SP converted waves at the upper boundary of the subducting
Pacific slab (from Zhao et al., 1992b).
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Fig. 8. Examples of (a) P and S reflected waves at the Moho discontinuity and (b) S-P and (c) P-S converted waves at the Moho discontinuity.
(Reprinted from Phys. Earth Planet. Inter., 130, Nakajima, J., T. Matsuzawa, and A. Hasegawa, Moho depth variation in the central part of northeastern
Japan estimated from reflected and converted waves, 31–47, Copyright 2002, with permission from Elsevier.)

Nakanishi, 1985; Obara et al., 1986; Ishida and Hasemi,
1988, among many others). These local tomography studies
used arrival-time data from intermediate-depth earthquakes
and obtained 3-D velocity models down to 200-km depth un-
der the Japan land areas.

Horiuchi et al. (1982a, b) studied the 3-D crustal structure
under central Tohoku using an approach different from the
tomographic method. They divided the medium under study
into three constant-velocity layers (corresponding to the up-
per crust, lower crust, and uppermost mantle) by the Conrad
and Moho discontinuities, and adopted a power series of lat-
itude and longitude to express the Conrad and Moho depth
variations. By inverting the arrival-time data of local crustal
earthquakes for the hypocentral parameters, the coefficients
of the power series, and the station corrections (that account
for the lateral velocity variations in the crust and uppermost
mantle), they could estimate the Conrad and Moho geome-
tries under central Tohoku. Later, their approach was ap-
plied to the whole Tohoku area as well as the entire Japan
Islands, and the results show that the Conrad and Moho dis-

continuities exhibit significant lateral depth variations under
Japan (Zhao et al., 1990, 1992a). Both Conrad and Moho
are deeper under the land area but become shallower toward
the Pacific Ocean and the Japan Sea (Fig. 6(a, b)), which are
generally consistent with the results of active-source seismic
experiments (e.g., Iwasaki et al., 2001).

Several prominent later phases have been detected from
seismograms of local earthquakes that occurred beneath
the Japan Islands, such as the ScSp converted wave at the
upper boundary of the subducting Pacific and Philippine
Sea slabs (Okada, 1971, 1979; Hasegawa et al., 1978;
Nakanishi, 1980), PS and SP converted waves at the upper
boundary of the Pacific slab from intermediate-depth earth-
quakes (Matsuzawa et al., 1986, 1990) (Fig. 7(b, c)), re-
flected S waves from the Pacific slab upper boundary (Obara,
1989), and converted and reflected waves from the Moho
discontinuity (Zhao et al., 1992b; Nakajima et al., 2002)
(Figs. 7(a), 8). The geometry of the subducting Pacific slab
under NE Japan was estimated by using the distribution of
intermediate-depth earthquakes (Hasegawa et al., 1983) and
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Fig. 9. Depth distribution of the Moho discontinuity estimated with reflected and converted waves. (Reprinted from Phys. Earth Planet. Inter., 130,
Nakajima, J., T. Matsuzawa, and A. Hasegawa, Moho depth variation in the central part of northeastern Japan estimated from reflected and converted
waves, 31–47, Copyright 2002, with permission from Elsevier.)

PS and SP converted waves at the slab boundary (Matsuzawa
et al., 1986, 1990; Zhao et al., 1997a) (Fig. 6(c)). Nakajima
et al. (2002) determined the Moho geometry under central
Tohoku using the converted and reflected waves at the Moho,
and their result (Fig. 9) is well consistent with the earlier re-
sults by Zhao et al. (1990, 1992a) (Fig. 6(b)). These later-
phase studies indicate that the Moho, and the subducting slab
boundary under Japan, are very sharp seismic discontinuities
that exhibit complex geometries rather than simple planes
(Figs. 6, 9).

In the late 1970s and the 1980s, almost all the local and re-
gional tomographic studies were made by applying the block
inversion method (Aki and Lee, 1976; Aki et al., 1977) or
the grid inversion method (Thurber, 1983). However, the
block inversion method cannot deal with the lateral depth
variations of velocity discontinuities, and the grid inversion
method does not even allow the existence of velocity discon-
tinuities. The velocity must be continuous everywhere in the
model, in both the lateral and vertical directions (Thurber,
1983).

To overcome the drawbacks of the block and grid inver-
sion methods, Zhao (1991) and Zhao et al. (1992b) pro-
posed a new approach for conducting tomographic inversion
in the NE Japan subduction zone. In their modeling space
(Fig. 10), they introduced three velocity discontinuities (the
Conrad, Moho, and the Pacific slab upper boundary) that
have curved geometries, and set up 3-D grid nodes to ex-
press the 3-D velocity variations. Velocity perturbations at
the grid nodes from a starting velocity model are taken as
unknown parameters, while 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 unknown velocity parameters and hypocen-
tral parameters were determined by inverting the arrival-time
data from both crustal and intermediate-depth earthquakes
that occurred under the seismic network in Tohoku. The ge-
ometries of the Conrad, Moho and the slab upper boundary,
determined from previous studies (Fig. 6), were adopted, and
they were fixed in the inversion process. In the starting model
for the tomographic inversion, the velocity in the subducting
Pacific slab (90-km thick) was set to be 4–6% faster than in
the normal mantle.

To calculate theoretical travel times and ray paths ac-
curately and rapidly in the complex 3-D velocity model
(Fig. 10), Zhao (1991) and Zhao et al. (1992b) developed
a new 3-D ray tracing technique that combines the pseudo-
bending scheme (Um and Thurber, 1987) and Snell’s law it-
eratively. Their 3-D ray tracing technique can deal with not
only first P and S wave arrivals, but also later phases of con-
verted and reflected waves at the velocity discontinuities in
the model (Zhao et al., 1992b).

The distinct feature of the boundary-grid tomographic
method of Zhao (1991) and Zhao et al. (1992b) is that it
can deal with complex-shaped velocity discontinuities in the
model. Why are velocity discontinuities introduced into the
model? There are at least three reasons for this. First, ve-
locity discontinuities do exist beneath NE Japan, as demon-
strated by the above-mentioned studies of the converted and
reflected waves (Figs. 6–9). Second, theoretical travel times
and ray paths can be computed more accurately when the ve-
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Fig. 10. (a) Vertical cross-section and (b) map view of the boundary-grid model parameterization (adopted by Zhao et al., 1992b) for tomographic
inversion in NE Japan. Three velocity discontinuities (the Conrad, Moho and the upper boundary of the Pacific slab) are introduced into the model.
Velocity perturbations at the 3-D grid nodes and hypocenter parameters are taken as unknown parameters which are determined by inverting arrival-time
data.

locity discontinuities are considered in the model. The sub-
ducting Pacific slab is 85–90-km thick and it has a seismic
velocity 4–6% higher than the normal mantle, and so the slab
is the most significant velocity anomaly in the upper mantle
under the entire Japan Island. If the slab is not considered in
the starting velocity model, the theoretical travel times can
be computed with an inaccuracy of one to several seconds
(note that the picking error of the arrival-time data is only
0.1–0.2 s), and the errors in ray paths can be over 10–20 km
for long rays (>300 km) from the intermediate-depth earth-
quakes in the Pacific slab. Third, once the velocity disconti-
nuities are introduced into the model, the arrival-time data of
converted and reflected waves at the discontinuities (Figs. 7,
8) can also be used in the earthquake location and velocity
inversion. The later-phase data contain very important infor-
mation on the Earth’s structure, and so should be used in the
tomographic study once they are detected from the seismo-
grams. Many arrivals of the PS and SP converted waves at
the slab upper boundary and the SmP converted waves at the
Moho were actually used in the tomographic study of the NE
Japan subduction zone (Zhao, 1991; Zhao et al., 1992b).

Figure 11 shows the tomographic images thus obtained
(Zhao, 1991; Zhao et al., 1992b). The subducting Pacific
slab, which has a P-wave velocity 4–6% higher than the
normal mantle, is clearly imaged. The upper-plane earth-
quakes in the double seismic zone (Umino and Hasegawa,
1975; Hasegawa et al., 1978) are located near the upper
boundary of the slab, while the lower-plane earthquakes of
the double seismic zone occurred in the central part of the
Pacific slab. Prominent low-velocity (low-V ) zones are re-
vealed in the crust and uppermost mantle beneath the active
arc volcanoes, and low-V zones exist in the central part of the

mantle wedge, subparallel with the subducting Pacific slab.
Under the volcanic front, the low-V zone seems to be con-
nected with the slab (Fig. 11(b)). This tomographic model
(Fig. 11) explains several seismic observations well, such as
the distribution of low-frequency microearthquakes, lower
crust reflectors, and large crustal earthquakes, etc. (Zhao,
1991; Hasegawa and Zhao, 1994; Zhao et al., 1992b, 2000a).

Zhao (1991) also conducted a tomographic inversion using
a simple 1-D starting velocity model; that is, the Pacific slab
was not considered in the starting model. The results show
that the subducting Pacific slab could be imaged well beneath
the central part of the seismic network, where the ray path
coverage is very good, but the slab was imaged very poorly
under the edge portions of the study area, because of the poor
path coverage there. Of course, the sharp upper boundary of
the Pacific slab could not be imaged, even where the slab is
clearly visible as a high-velocity (high-V ) anomaly, because
the tomographic image was obtained by the interpolation of
velocities inverted at the grid nodes. To image the sharp up-
per boundary of the Pacific slab, a very dense grid (with a
grid interval of ∼1 km?) has to be set up, but, of course,
the velocities at the dense grid nodes cannot be obtained by
tomographic inversion because of the limitations in the sta-
tion spacing and the 3-D ray path coverage. Such a situation
remains unchanged even now, despite the dense coverage of
seismic stations available on the Japan Islands (Fig. 5) (e.g.,
Matsubara et al., 2008). In any case, the sharp velocity dis-
continuities have to be introduced into the model to obtain
a high-resolution tomography of the Japan subduction zone,
though it is generally preferred to adopt a simple 1-D ve-
locity model as a starting model for tomographic inversions.
This seems to be a very distinctive feature of subduction-
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Fig. 11. Vertical cross sections of P-wave tomography beneath NE Japan from the Earth’s surface to 200-km depth along the profiles shown on the
inset map. Red and blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown at the bottom. Open circles
denote earthquakes that occurred within a 30-km width along each profile. Red dots show low-frequency microearthquakes that occurred around the
Moho discontinuity, due to the magmatic and volcanic activity. Red triangles, active volcanoes; reverse triangle, location of the Japan Trench. The
horizontal bar at the top of each cross-section shows the land area where seismic stations exist. The three thick curved lines denote the Conrad and
Moho discontinuities and the upper boundary of the subducting Pacific slab. The dashed line shows the estimated lower boundary of the Pacific slab
(from Zhao et al., 1992b).

zone tomography.
Note that Zhao (1991), and Zhao et al. (1992b), inverted

for only the 3-D velocity variations, but fixed the geometries
of the velocity discontinuities in the inversion process. If
many more later-phase data are available, the geometries of
velocity discontinuities can also be inverted. But one should
be careful that only when a velocity discontinuity is found
to actually exist in the study area, and its geometry is deter-
mined reliably, should it be introduced into the tomographic
model, otherwise it should not be considered. For example,

it has been recognized for a long time that the subducting
Philippine Sea slab exists beneath SW Japan, and its up-
per boundary is found to be a sharp velocity discontinuity
in some areas, from analyses of later-phase data, but its gen-
eral geometry is still not very clear. Hence, the Philippine
Sea slab has not been considered in the starting model for
tomographic inversions up to the present (e.g., Zhao, 1991;
Zhao and Hasegawa, 1993; Zhao et al., 2000b; Xia et al.,
2008a).

Receiver-function analysis is an effective tool to map the
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Fig. 12. An example of an sP depth phase from an event under the Pacific Ocean. The green squares on the inset map show the seismic stations of
the Kiban seismic network. (Reprinted from Tectonophysics, 467, Zhao, D., Z. Wang, N. Umino, and A. Hasegawa, Mapping the mantle wedge and
interplate thrust zone of the northeast Japan arc, 89–106, Copyright 2009, with permission from Elsevier.)

Moho, 410- and 660-km discontinuities, as well as the sub-
ducting slab boundary (e.g., Ai et al., 2005; Shiomi et al.,
2006; Kawakatsu and Watada, 2007; Tonegawa et al., 2008;
Tian et al., 2010). A combination of receiver-function and
tomography methods may enable us to estimate simultane-
ously velocity discontinuities and 3-D velocity variations
(e.g., Hirahara, 2006).

The tomographic method (Zhao et al., 1992b) was later
applied to a much better data set, recorded by many more
seismic stations in Tohoku, which resulted in an improved 3-
D P and S wave velocity model of the NE Japan subduction
zone (Nakajima et al., 2001). However, the main features of
the tomographic image remain the same as those in Fig. 11.
The method has been also applied to several other subduc-
tion zones, leading to nice tomographic images in those re-
gions, such as Alaska (Zhao et al., 1995), Taiwan (Ma et al.,
1996; Chou et al., 2006, 2009), Tonga (Zhao et al., 1997b),
Romania (Fan et al., 1998), Kamchatka (Gorbatov et al.,
1999), and South America (Myers et al., 1998; Wagner et
al., 2005), in addition to many other applications in various
tectonic settings. The boundary-grid approach has been ex-
tended to conduct global tomography (Zhao, 2001c, 2004;
Zhao and Lei, 2004) by considering the lateral depth vari-
ations of the Moho, 410- and 670-km discontinuities. Re-

cently, Ballard et al. (2009) and Simmons et al. (2011) ap-
plied the 3-D ray tracing approach of Zhao et al. (1992b) for
global-scale travel-time calculations and tomographic inver-
sions.

In the same period of active tomographic studies of 3-
D velocity structures, some researchers investigated the 3-
D attenuation structure in subduction regions, mainly in the
Japan Islands (e.g., Umino and Hasegawa, 1984; Furumura
and Moriya, 1990; Sekiguchi, 1991; Tsumura et al., 2000;
Salah and Zhao, 2003a). These studies show that the sub-
ducting Pacific slab exhibits very small attenuation with Q
values of up to 1000 to 1500. In contrast, the mantle wedge
and the crust beneath active volcanoes show very strong at-
tenuation with Q values of 100 or smaller. Tsumura et al.
(2000) determined a high-resolution (∼40 km) 3-D atten-
uation model under Tohoku that shows clearly the high-Q
Pacific slab and low-Q anomalies in the crust and mantle
wedge beneath active volcanoes. The general pattern of Q
tomography is quite similar to that of velocity tomography
in this region (Fig. 11). Roth et al. (2000) estimated a 3-D Q
model of the Tonga-Fiji region and found that low-Q anoma-
lies extend down to 400-km depth in the mantle wedge above
the high-Q Tonga slab, in good agreement with the velocity
images of Zhao et al. (1997b).
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Fig. 13. Examples of 3-component seismograms showing sP depth phases from suboceanic events under the Pacific Ocean. (With kind permission from
Springer Science+Business Media: Earthq. Sci., Interplate coupling and seismotectonics under the fore-arc regions of Japan, 23, 2010, 555–565, Wang,
Z., figure 2.)

The attenuation structure of subduction zones has also
been investigated by using seismic intensity data (e.g.,
Hashida, 1989). By May 1996, however, seismic intensity
was usually measured on the basis of human perception and
the movement of objects observed by experts without instru-
ments. The estimated attenuation models show a similarity
to those determined with precise seismological data such as
seismic wave amplitudes and amplitude spectra. Although
the 3-D Q models cannot achieve a resolution as high as that
of velocity tomography, they can provide additional informa-
tion on the physical properties of subduction zones. Hence,
future efforts should be made to determine more accurate,
high-resolution, models of seismic attenuation in subduction
zone regions.

3. Tomographic Imaging outside a Seismic Net-
work

Since the advent of travel-time tomography (Aki and Lee,
1976; Aki et al., 1977), the method has been applied to de-
termine the 3-D velocity structure directly beneath a seismic
network, whereas the 3-D structure outside a seismic net-
work could not be determined accurately. This is a serious
limitation of the methodology. However, a series of studies
in recent years has demonstrated that this limitation of travel-
time tomography can be overcome in some cases, and the

3-D structure outside a seismic network can be determined
as accurately as that beneath the network (Zhao et al., 2002,
2007a).

Those earthquakes occurring in the crust and in the sub-
ducting Pacific and Philippine Sea slabs under Japan land
areas have reliable hypocenter locations because they are lo-
cated right beneath the dense seismic network (Fig. 5). In
contrast, the earthquakes under the Pacific Ocean and the
Japan Sea (Fig. 4) occur outside the seismic network and
so have poor hypocenter locations, because only the first
P and S wave arrival times are used in routine earthquake
location by the seismic networks. Therefore, earlier tomo-
graphic studies could only determine a 3-D velocity model
of the crust and upper mantle beneath Japanese land areas
(e.g., Fig. 11), whereas a 3-D model under the surrounding
oceanic regions was not determined. Because many large
and small earthquakes occur beneath the Pacific Ocean and
the Japan Sea (Fig. 4), it is very important to study the 3-
D velocity structure under the adjacent oceanic areas so as
to understand the mechanism of interplate earthquakes in the
megathrust zone (such as the 2011 Mw 9.0 Tohoku-oki earth-
quake) and the interplate seismic coupling in the forearc re-
gion, as well as the back-arc magmatism and seismotectonics
under the Japan Sea.

Determining hypocenters precisely is of fundamental im-
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Fig. 14. Vertical cross-sections of (a, c) P- and (b, d) S-wave velocity images along the profiles E–E′ and G–G′ as shown on the inset map. Red and
blue colors denote low and high velocities, respectively. The velocity perturbation scale (in %) is shown at the bottom. Red triangles denote active arc
volcanoes. The inverted triangles show the location of the oceanic trench. Small white dots show earthquakes which occurred within a 15-km width
from the profile. The three curved lines show the Conrad and Moho discontinuities and the upper boundary of the subducting Pacific slab. The dashed
lines denote the estimated lower boundary of the Pacific slab. There is no vertical exaggeration of the cross-sections in this and following figures. The
resolution of the tomographic images is 10–20 km in the vertical direction and 25–30 km in the horizontal direction. The uncertainty in the hypocenter
locations is 1–4 km under the seismic network on the land area and 3–9 km under the Pacific Ocean. (Reprinted from Phys. Earth Planet. Inter., 152,
Wang, Z., and D. Zhao, Seismic imaging of the entire arc of Tohoku and Hokkaido in Japan using P-wave, S-wave and sP depth-phase data, 144–162,
Copyright 2005, with permission from Elsevier.)

portance in many disciplines of seismology, being necessary
to estimate the rupture process on the fault plane, strong
ground motions in the source area, and the crustal and upper-
mantle structure, etc. Among the four hypocentral parame-
ters (i.e., origin time, latitude, longitude, and focal depth),
the focal depth is usually harder to determine in the case
of events outside a seismic network. To locate earthquakes
(in particular, suboceanic earthquakes) accurately, seismolo-
gists have traditionally used the so-called depth phases (e.g.,
pP, sP, etc.) in teleseismic distances of thousands of kilo-
meters (e.g., Herrmann, 1976; Forsyth, 1982; Engdahl and
Billington, 1986). Such depth phases are reflected waves
from the surface (or seafloor) with bouncing points close to
the epicenter (Fig. 12(b)), and so their travel times are very
sensitive to the focal depth. Hence, the suboceanic earth-
quake hypocenters, in particular, their focal depths, can be
well constrained by using pP or sP phase data. The use of
a depth-phase datum in earthquake location is just like in-
stalling a new seismic station close to the epicenter (at the
bouncing point on the Earth’s surface or seafloor).

In order to locate precisely suboceanic earthquakes sur-
rounding NE Japan, Umino and Hasegawa (1994) and
Umino et al. (1995) detected sP depth phases, at a local dis-
tance (<300 km), from short-period seismograms of shal-
low earthquakes that occurred under the Japan Sea and the
Pacific Ocean, recorded by the seismic network in Tohoku.
Figures 12 and 13 show some examples of seismograms
in which sP depth phases are clearly visible. It is found
that suboceanic earthquakes could be located very accurately
with the sP depth-phase data, and the location accuracy is
comparable to that for the earthquakes under the seismic
network in the Honshu land area (hypocenter uncertainty
<3 km) (Umino and Hasegawa, 1994; Umino et al., 1995;
Wang and Zhao, 2005; Gamage et al., 2009; Huang et al.,
2010).

Zhao et al. (2002) first determined a 3-D P-wave veloc-
ity model under the Tohoku forearc region from the Japan
Trench to the Pacific coast using a large number of P-wave
arrival times of suboceanic earthquakes that were relocated
precisely with the sP depth phase, and suggested that this
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Fig. 15. The same as Fig. 14 but for P-wave tomography along the eight profiles in NE Japan. (Reprinted from Geophys. J. Int., 184, Huang, Z., D.
Zhao, and L. Wang, Seismic heterogeneity and anisotropy of the Honshu arc from the Japan Trench to the Japan Sea, 1428–1444, Copyright 2011, with
permission from John Wiley & Sons.)

approach is a reliable way of tomographic imaging out-
side a seismic network. Later, both P and S wave arrival
times from the relocated suboceanic events, as well as earth-
quakes under the land area, were used to determine the 3-
D P and S wave velocity and Poisson’s ratio structures un-
der the Hokkaido and Tohoku forearc areas (Mishra et al.,
2003; Wang and Zhao, 2005, 2006a; Zhao et al., 2007a,
2009a) and the eastern margin of the Japan Sea (Huang et
al., 2010) (Figs. 14–18). sP depth phases are also observed

clearly from seismograms of suboceanic events in SW Japan
(Fig. 13(c, d)), and so the 3-D velocity structure under the
Kyushu forearc region was also studied (Wang and Zhao,
2006b) (Figs. 19, 21).

Recently, Huang et al. (2011a) determined a 3-D P and
S wave velocity model of the NE Japan arc by inverting
310,749 P and 150,563 S wave arrival times from 4,655
local earthquakes which occurred in the crust and the sub-
ducting Pacific slab from the Japan Trench to the Japan Sea
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Fig. 16. The same as Fig. 15 but for S-wave tomography along the eight profiles in NE Japan. (Reprinted from Geophys. J. Int., 184, Huang, Z., D.
Zhao, and L. Wang, Seismic heterogeneity and anisotropy of the Honshu arc from the Japan Trench to the Japan Sea, 1428–1444, Copyright 2011, with
permission from John Wiley & Sons.)

(Figs. 15, 16). They relocated suboceanic events precisely
using P and S arrival times, as well as sP depth-phase data,
measured from the seismograms recorded by the seismic sta-
tions on the Tohoku land area, similar to previous studies
(Umino et al., 1995; Mishra et al., 2003; Wang and Zhao,
2005; Gamage et al., 2009; Zhao et al., 2009a). The 3-D ve-
locity model under the Pacific Ocean and the Japan Sea was
determined reliably with a resolution of 30–40 km (Huang et
al., 2011a). As compared with previous tomographic studies

(e.g., Zhao et al., 2009a), Huang et al. (2011a) used many
more suboceanic events that were relocated with sP depth
phases, and the events used were distributed more densely
and uniformly in the forearc, so they could determine the
3-D velocity model under the Pacific Ocean more reliably
(Figs. 15–17).

Benefiting from the dense seismic networks on the Japan
Islands, we can apply the approach of off-network tomog-
raphy to broad regions surrounding the Japan Islands, such
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Fig. 17. Two vertical cross-sections of P and S wave tomography along the volcanic front and the Japan Sea coast as shown on the inset map. The other
labeling is the same as that in Fig. 15. (Reprinted from Geophys. J. Int., 184, Huang, Z., D. Zhao, and L. Wang, Seismic heterogeneity and anisotropy
of the Honshu arc from the Japan Trench to the Japan Sea, 1428–1444, Copyright 2011, with permission from John Wiley & Sons.)

     

     

     

     

Fig. 18. Vertical cross-sections of (a, c) P- and (b, d) S-wave velocity images along the profiles E–F (a, b) and A–B (c, d) as shown on the inset maps of
the Kanto District. The solid curved lines show the upper boundary of the subducting Pacific slab, while the dashed lines in (a, b) show the estimated
upper and lower boundaries of the subducting Philippine Sea slab. The red star in (a, b) shows the hypocenter of the 1923 Kanto earthquake (M 7.9).
Other labels are the same as those in Fig. 14. (Reprinted from Earth Planet. Sci. Lett., 241, Wang, Z., and D. Zhao, Suboceanic earthquake location and
seismic structure in the Kanto district, central Japan, 789–803, Copyright 2006, with permission from Elsevier.)
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Fig. 19. The same as Fig. 14(a, b) but along profile E–F as shown on the inset map of Kyushu Island. (Reprinted from Phys. Earth Planet. Inter., 157,
Wang, Z., and D. Zhao, Vp and Vs tomography of Kyushu, Japan: New insight into arc magmatism and forearc seismotectonics, 269–285, Copyright
2006, with permission from Elsevier.)

Fig. 20. A vertical cross-section of P-wave tomography along profile A–A′ as shown on the inset map (Zhao et al., 2000b, 2002). Red denotes low
velocity, while blue denotes high velocity. The color scale is shown at the bottom. The red triangle denotes the active Unzen volcano. (Reprinted from
Phys. Earth Planet. Inter., 132, Zhao, D., O. P. Mishra, and R. Sanda, Influence of fluids and magma on earthquakes: seismological evidence, 249–267,
Copyright 2002, with permission from Elsevier.)
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Fig. 21. The same as Fig. 19 but along profile A–B as shown on the inset map of Kyushu Island. (Reprinted from Phys. Earth Planet. Inter., 157, Wang,
Z., and D. Zhao, Vp and Vs tomography of Kyushu, Japan: New insight into arc magmatism and forearc seismotectonics, 269–285, Copyright 2006,
with permission from Elsevier.)

as the Kuril subduction zone north of Hokkaido, the Izu-
Mariana region south of Kanto, and the Ryukyu subduction
zone south of Kyushu. Thus, using the abundant waveform
data recorded by Japanese seismic networks, we can study
the 3-D structure and seismotectonics of broad regions in the
Western Pacific, which greatly expands the scope and usage
of the dense seismic networks of Japan.

The off-network tomography approach has important im-
plications for the methodology of seismic tomography, and
will find a wide range of applications (Zhao et al., 2007a).
Most of the subduction zones in the world are located in
island arcs or continental margins, and forearc regions are
generally under oceans having intense seismicity but with
no, or few, seismometers. Similar to the case of NE Japan,
the forearc regions of most subduction zones are less stud-
ied. The use of this new approach will greatly advance our
understanding of the structure and seismotectonics of forearc
regions in the world.

Most deep earthquakes in subduction zones occur outside
the existing seismic networks and they are usually hard to
locate accurately. We can try to detect the depth phases to
determine the precise hypocentral locations of intermediate-
depth, and deep-focus, earthquakes so as to better under-
stand the morphology of the Wadati-Benioff zone and the
mechanism of deep earthquakes, though high-resolution to-
mographic images may not be determined in and around the
deep slab because the ray path coverage from deep earth-

quakes alone may not be good enough.
In recent years, the structure and dynamics of the Tibetan

Plateau have attracted much attention within the geoscience
community, but the region is still poorly studied and tomo-
graphic images of it still have a lower resolution (e.g., Zheng
et al., 2007; He et al., 2010). Seismicity in the Tibetan region
is very active, but it is very difficult to install and maintain
a permanent (even a portable) seismic network in this region
because of its adverse natural conditions. Using the perma-
nent seismic networks in the Sichuan and Yunnan provinces
of Mainland China, however, a detailed tomographic image
under the Tibetan Plateau can be obtained by applying the
off-network tomography method (Zhao et al., 2007a).

Similarly, this approach can also be applied to many other
regions of the world where a seismic network exists and
earthquakes occur in and around the network. Thus, such
costly seismic networks can be better exploited for studying
seismotectonics and the Earth’s structure. However, this ap-
proach of tomographic imaging is only applicable to regions
having sufficient seismicity that is recorded by a nearby seis-
mic network. For aseismic regions, it is not applicable.

4. Subducting Slabs and Arc Magmatism
4.1 Tomographic images

Figure 14 shows vertical cross-sections of P and S
wave velocity (Vp, Vs) images under Hokkaido from the
Kuril Trench to the Japan Sea coast (Wang and Zhao,
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Fig. 22. Epicentral distribution of large earthquakes during the period 830 to 2008 (red dots and stars). The yellow stars show the large events that have
occurred since March 2011. Black triangles denote the active arc volcanoes.

2005). The two profiles pass through three active volcanoes
(Komagatake, Taisetsuzan, and Meakandake). The subduct-
ing Pacific slab is imaged clearly as a high-V zone with seis-
mic velocities 4–6% higher than that of the average man-
tle. Intermediate-depth earthquakes occur actively in the
subducting Pacific slab and they form a clear double seis-
mic zone. Prominent low-V zones are visible in the crust
and uppermost mantle beneath the active arc volcanoes, and
they extend to a depth of 150–200 km in the central por-
tion of the mantle wedge. The mantle-wedge low-V zone is
roughly parallel with the subducting slab, and is close to, or
connected with, the slab at some depth, e.g., at about 90-km
depth in Fig. 14(b).

Similar seismic images of the crust and upper mantle are
obtained under the NE Japan arc (Figs. 15, 16). The double-
planed deep seismic zone in the Pacific slab under NE Japan
is more clearly visible than that under Hokkaido. Normal
crustal earthquakes occur in the upper crust down to about
20-km depths, but some earthquakes occur in the lower crust
and uppermost mantle around the Moho discontinuity and
they usually exhibit a lower frequency than that of the nor-
mal crustal earthquakes (Figs. 11, 15, 16). It is consid-
ered that these low-frequency microearthquakes are associ-

ated with the magmatic activity under the active arc volca-
noes (Hasegawa and Yamamoto, 1994; Hasegawa and Zhao,
1994). The low-V zones also show high values of Poisson’s
ratio (Wang and Zhao, 2005). Figure 17 shows vertical cross-
sections of Vp and Vs images along the volcanic front and the
second volcanic front in NE Japan. Continuous low-V zones
are visible in the central part of the mantle wedge under the
second volcanic front along the Japan Sea coast, whereas in-
termittent low-V zones exist under each group of active vol-
canoes along the volcanic front.

Beneath the Kanto district, the Philippine Sea (PHS) slab
is subducting from the Sagami trough and the Suruga trough
(Ishida and Hasemi, 1988; Wang and Zhao, 2006a). The sub-
ducting Pacific slab is located beneath the PHS slab and the
two slabs are interacting with each other (Ishida, 1992). This
scenario is clearly imaged by seismic tomography (Fig. 18(a,
b)). Subcrustal earthquakes are very abundant in the Kanto
region because they occur in both the Pacific and PHS slabs.
The Pacific slab is old (110–130 Ma) and so it is thick (about
85 km), whereas the PHS slab is young (20–30 Ma) and
so it is thin (20–30 km) (Seno et al., 1993, 2001; Zhao et
al., 2000b), as is clearly visible in the tomographic images
(Fig. 18). A low-V layer exists atop the PHS slab (Fig. 18(a,
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Fig. 23. Map showing the relocated epicentral locations (red stars) of the great 2011 Tohoku-oki earthquake (Mw 9.0) on 11 March, 2011, and its
largest foreshock (MJMA 7.3) on 9 March, 2011, and major aftershocks (MJMA > 7.0) on 11 March, 2011. The open yellow stars show the epicenters
determined by the Kiban seismic network (JMA Unified Catalogue). The blue squares show the Kiban network stations used to relocate the earthquakes.
The red triangles show the active arc volcanoes. The solid and dotted contour lines show the depths to the upper boundary of the subducting Pacific
slab. The thick solid line denotes the Japan Trench. The cross symbols show the relocated epicenters of the seismicity during 9–27 March, 2011. (From
Zhao et al., 2011b.)

b)), which may represent the subducting oceanic crust and
slab dehydration. The hypocenter of the 1923 Kanto earth-
quake (M 7.9) is located at the upper boundary of the PHS
slab and was caused by underthrusting of the PHS slab be-
neath the overriding continental plate. In Hokkaido and NE
Japan, the subducting Pacific slab is located approximately
100 km beneath the volcanic front (Figs. 14–16). How-
ever, under the Fuji and Hakone volcanoes in Kanto, the
upper boundary of the Pacific slab is about 150-km deep
(Fig. 18(a)). This westward displacement of the volcanic
front is caused by the subduction of the PHS slab under
Kanto (Iwamori, 2000). However, the mantle-wedge low-
V zone is connected with the Pacific slab at about 100-km
depth, and it seems that the magma ascending path is de-
flected toward the west by the PHS slab.

In the Izu-Bonin region south of Kanto, the Pacific plate is
subducting beneath the PHS plate. The active arc volcanoes
(Niijima, Miyakejima, etc.) are located about 110–120 km
above the Pacific slab, and the mantle-wedge low-V zone

is connected with the Pacific slab at that depth (Fig. 18(c,
d)). However, the low-V zone is not straight but shows
a winding image, suggesting that the upwelling magma is
deflected by corner flow in the mantle wedge, just like a
mantle plume under a hotspot volcano being deflected by the
mantle convection (Zhao, 2001c, 2007; Zhao et al., 2006;
Gupta et al., 2009a).

Beneath Kyushu Island, the PHS slab is subducting with
a dipping angle of about 45 degrees, and several active vol-
canoes exist there (Fig. 19). A clear volcanic front is also
formed. Low-V anomalies are clearly visible in the crust and
mantle wedge under the volcanic front in Kyushu (Figs. 19,
21), similar to the images under the active volcanoes above
the subducting Pacific slab. Unzen volcano is located about
100 km west of the volcanic front in Kyushu (Fig. 19). It
is a very active volcano, and a recent eruption occurred in
1991–1995 killing tens of people. A prominent dipping low-
V zone is visible in the crust and mantle wedge under Un-
zen, which connects Unzen at the surface and the PHS slab
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Fig. 24. (a) P-wave tomographic image in the megathrust zone directly above the upper boundary of the subducting Pacific slab. Red and blue show low
and high velocities, respectively. The velocity perturbation (in %) scale is shown at the bottom. Three low-velocity anomalies exist (A) off Sanriku, (B)
off Fukushima, and (C) off Ibaraki. Black triangles denote the active arc volcanoes. The open circles denote the large earthquakes (MJMA ≥ 6.0) from
1900 to 2008, most of which were interplate earthquakes (see text for details). (b–e) East-west vertical cross-sections of P-wave tomography passing
through the epicenters of the 2011 Tohoku-oki mainshock (d), foreshock (c), and two aftershocks (b, e). The color scale is the same as in (a). The
two dashed lines in each cross-section represent the Moho discontinuity and the upper boundary of the subducting Pacific plate. The magnitude and
origin time of the large earthquakes (MJMA > 7.0) are shown in each of the cross-sections. Cross symbols denote the relocated earthquakes during 9–27
March, 2011, within a 10-km width to each profile. (From Zhao et al., 2011b.)

at about 100-km depth, indicating that the Unzen magma-
tism is also related to the dehydration process of the PHS
slab at about 100-km depth, though the volcano is located at
the back-arc side (Fig. 19).

Figure 20 shows a high-resolution crustal tomography un-
der Unzen volcano (Zhao et al., 2000b, 2002). A cone-
shaped low-V zone is visible in the crust under Unzen,
which may represent high-temperature anomalies contain-
ing a magma reservoir. The cutoff-depth of crustal seismic-
ity shallows toward the crater of the volcano, which is in
good agreement with the upper boundary of the low-V zone
(Fig. 20). These features indicate a thinning of the brittle
seismogenic layer beneath the volcano. Earlier studies sug-
gested that there are large lateral variations in the tempera-
ture of the crust and in the cutoff-depth of crustal seismicity
in volcanic areas (e.g., Ito, 1993; Zhao et al., 2000a, 2002).

Figure 20 shows a nice example of these features.
Compared with the forearc areas above the Pacific slab,

the forearc areas above the PHS slab exhibit more significant
low-V anomalies (Figs. 19, 21). The low-V zones may
reflect the subducting oceanic crust atop the PHS slab and the
forearc mantle serpentinization resulting from fluids from the
PHS slab dehydration (Zhao et al., 2000b; Wang and Zhao,
2006b; Xia et al., 2008a). The PHS slab is much younger
and warmer than the Pacific slab and so its dehydration can
take place at a shallow depth under the forearc area.

In Shikoku Island and the Chugoku District in west-
ern Honshu, there are no volcanoes as active as those in
Hokkaido, NE Japan and Kyushu (Fig. 2). Only a few
Quaternary volcanoes exist along the coastline of the Japan
Sea, though some of them are potentially active (Kiyosugi et
al., 2010; Zhao et al., 2011a). The reason for the absence of

doi:10.5047/meep.2012.00101.0001 c© 2012 TERRAPUB, Tokyo. All rights reserved.



22 D. Zhao: Tomography and Dynamics of Western-Pacific Subduction Zones

Fig. 25. Input model (a) and inverted results (b–c) of a synthetic test for the interplate thrust zone along the upper boundary of the subducting Pacific
plate (from the online supporting material of Huang et al., 2011a). The velocity perturbation scale is shown at the bottom. Blue and red colors denote
fast and slow velocities, respectively. The curved lines and triangles denote the Japan Trench and active arc volcanoes, respectively. (Reprinted from
Geophys. J. Int., 184, Huang, Z., D. Zhao, and L. Wang, Seismic heterogeneity and anisotropy of the Honshu arc from the Japan Trench to the Japan
Sea, 1428–1444, Copyright 2011, with permission from John Wiley & Sons.)

  

 

 

 

Fig. 26. Comparison of (a) P-wave tomography in the megathrust zone (the same as Fig. 24(a)) with (b) the coseismic slip distribution of the 2011
Tohoku-oki earthquake (Mw 9.0, red star) estimated from GPS observations (contour lines with an interval of 5 m) (Iinuma et al., 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) took place (b). (From Zhao et al.,
2011b.)
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Fig. 27. Map views of P and S wave tomography along the profile as shown on the inset map. Beneath the forearc area under the Pacific Ocean, the profile
is along the upper boundary of the subducting Philippine Sea plate, while under the Kyushu land the profile passes through the central part of the mantle
wedge. Red and blue colors denote low and high velocities, respectively. The velocity perturbation scale is shown at the bottom. Red triangles show
the active arc volcanoes. The black stars show the large interplate earthquakes during the period 1923 to 1998. (Reprinted from Phys. Earth Planet.
Inter., 157, Wang, Z., and D. Zhao, Vp and Vs tomography of Kyushu, Japan: New insight into arc magmatism and forearc seismotectonics, 269–285,
Copyright 2006, with permission from Elsevier.)

active volcanoes in the Shikoku and Chugoku areas seems to
be that the PHS slab has a very small dipping angle under
those areas and the slab is located directly beneath the crust
under Shikoku. The PHS slab has a complicated geometry in
and around the Kii Peninsula and it is still unclear whether
the slab is continuous or disconnected (e.g., Ide et al., 2010).
Thus, the mantle wedge above the PHS slab is not well devel-
oped enough to form a corner flow that can bring heat from
the deeper mantle to generate arc magma, as described in the
following section.

4.2 Slab dehydration and mantle wedge convection
Many geochemical, geophysical and numerical modeling

studies have suggested that a significant amount of water
is expelled from a subducting slab and contributes to melt
generation in the hot portion of the mantle wedge (e.g.,
Tatsumi, 1989; Peacock, 1990; Zhao et al., 1992b; Hasegawa
and Zhao, 1994; Iwamori and Zhao, 2000; Scambelluri and
Philippot, 2001; Stern, 2002; Gerya, 2011). The introduction
of water lowers the melting temperature of rocks, which can
produce significant amounts of melt even in a relatively cool
environment above a subducting slab. Water transport and
melting have been often implemented in numerical models
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Fig. 28. Bathymetry and tectonic units in the Japan Sea. The solid and dotted straight lines show the profiles of seismic explosion experiments conducted
by Japanese researchers. The bold dashed line shows the estimated Amur-Okhotsk plate boundary. (Reprinted from Tectonophysics, 306, Nishizawa, A.,
and A. Asada, Deep crustal structure off Akita, eastern margin of the Japan Sea, deduced from ocean bottom seismographic measurements, 199–216,
Copyright 1999, with permission from Elsevier.)

of subduction using kinematic, porous flow and water diffu-
sion approaches (see a recent review by Gerya, 2011). van
Keken et al. (2011) used a recent global compilation of the
thermal structure of subduction zones to predict the meta-
morphic facies and H2O content of subducting slabs. Their
results show that mineralogically-bound water can pass effi-
ciently through old and fast subduction zones such as in the
Western Pacific, whereas hot subduction zones such as SW
Japan and Cascadia see a nearly complete dehydration of the
subducting slab. The top of the slab is sufficiently hot in
all subduction zones, so that the upper crust (including sed-
iments and volcanic rocks) is predicted to dehydrate signif-
icantly. The degree and depth of dehydration in the deeper
crust and uppermost mantle are highly diverse and depend
strongly on composition (gabbro versus peridotite) and lo-
cal pressure and temperature conditions. The upper mantle
dehydrates at intermediate depths in all but the coldest sub-
duction zones. On average, about 1/3 of the bound H2O
subducted globally in slabs reaches a depth of 240 km, car-
ried principally, and roughly equally, in the gabbro and peri-
dotite sections. The predicted global flux of H2O to the deep
mantle is smaller than previous estimates but still amounts
to about one ocean mass over the age of the Earth. At this
rate, the overall mantle H2O content increases by 0.037 wt%
(370 ppm) over the age of the Earth, which is qualitatively
consistent with inferred H2O concentrations in the Earth’s

mantle, assuming that secular cooling of the Earth has in-
creased the efficiency of the volatile recycling over time (van
Keken et al., 2011).

On the other hand, solid-state mantle wedge flow in sub-
duction zones plays an important role in controlling the ther-
mal structure and geodynamics of subduction zones (e.g.,
Wada et al., 2011). As the cold oceanic lithosphere subducts,
it cools the overriding mantle wedge. The wedge flow, how-
ever, replenishes the wedge with hot mantle material, pro-
viding a thermal condition necessary for melt generation and
arc magmatism. The hot mantle also heats up the top of the
subducting slab and promotes slab dehydration, which is im-
portant to such processes as intraslab seismicity and volatile
recycling (e.g., van Keken et al., 2011; Wada et al., 2011).

The low-V zones in the mantle wedge revealed by seis-
mic tomography are caused by a combination of aqueous
fluids from the slab dehydration and corner flow in the man-
tle wedge. Low-V zones are also visible in the crust and
uppermost mantle under the forearc regions, which reflect
the shallow dehydration of the subducting slabs. Low-V and
high Poisson’s ratio (high-PR) zones in the mantle wedge are
visible in all the vertical cross-sections passing through ac-
tive arc volcanoes (Figs. 14–19, 21). However, the amplitude
of the anomalies seems larger in the cross-sections passing
through the active arc volcanoes, while it is smaller in the
cross-sections without volcanoes (Zhao et al., 2009a; Huang
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Fig. 29. (a) An example of vertical-component seismograms of a crustal earthquake that occurred beneath the Japan Sea. Hypocenter parameters of the
earthquake are shown above the seismograms. The station codes and epicenter distances are shown on the left. Clear sP depth phases are visible at 5–6
s after the first P-wave arrivals. (b) A map showing the locations of the epicenter and seismic stations in (a). (c) A schematic diagram showing the ray
path of the sP depth phase. (Reprinted from Phys. Earth Planet. Inter., 188, Zhao, D., Z. Huang, N. Umino, A. Hasegawa, and T. Yoshida, Seismic
imaging of the Amur-Okhotsk plate boundary zone in the Japan Sea, 82–95, Copyright 2011, with permission from Elsevier.)

et al., 2011a). In addition, low-frequency microearthquakes
occurring in the lower crust and uppermost mantle, which
are good indicators of magmatic activity, are visible mainly
in the cross-sections passing through the active volcanoes
(Figs. 15–17). These features suggest along-arc variations
of the low-V and high-PR zones in the mantle wedge, con-
sistent with the hot-finger model proposed by Tamura et al.
(2002). Because the low-V and high-PR zones are generally
considered to reflect the magma-related hot and wet anoma-
lies caused by slab dehydration and corner flow in the mantle
wedge, the along-arc variations of the low-V and high-PR
zones indicate a spatial variation in the amount of fluids re-
leased from the slab dehydration, as well as in the strength
of mantle-wedge corner flow along the arc. It was proposed
that the along-arc variation of the velocity anomalies under
NE Japan is due to small-scale convection occurring in the
mantle wedge, similar to that under the cooling oceanic litho-
sphere (Honda et al., 2002; Honda and Saito, 2003). Such a
small-scale convection can take place because the viscosity
in the mantle wedge can be reduced significantly by the wa-

ter released from the subducting slab. Another possibility for
the along-arc variation in seismic property is the diapiric as-
cent of metasomatized mantle (e.g., Hall and Kincaid, 2001;
Gerya and Yuen, 2003). Several recent numerical-modeling
studies have dealt explicitly with the seismic signature of di-
apirs in the mantle wedge (e.g., Gerya et al., 2006; Gorczyk
et al., 2006; Gerya, 2011). The seismic structure predicted
by these modeling studies is generally consistent with that
observed by tomographic studies.

5. Forearc: Mechanism of Megathrust Earth-
quakes

One of the main purposes of local tomographic imaging
is to detect any structural heterogeneity that may be related
to seismogenesis, so as to understand the generating mech-
anism of large and small earthquakes. Most earthquakes in
a subduction zone occur in and around the megathrust zone
under the forearc region, where the subducting oceanic plate
interacts with the overlying continental plate. Thus, once we
determine the tomographic image under the forearc region,
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Fig. 30. Distribution of (a) P-wave and (b) S-wave ray paths (gray lines) from the 361 crustal earthquakes (open circles) in the eastern margin of the Japan
Sea. Black triangles denote the active volcanoes. (Reprinted from Phys. Earth Planet. Inter., 188, Zhao, D., Z. Huang, N. Umino, A. Hasegawa, and T.
Yoshida, Seismic imaging of the Amur-Okhotsk plate boundary zone in the Japan Sea, 82–95, Copyright 2011, with permission from Elsevier.)

 

 

Fig. 31. P-wave velocity images at depths of (a) 10, (b) 25, and (c) 40 km. Red and blue colors denote low and high velocities, respectively. Red stars
denote large crustal earthquakes (M ≥ 6.0) that occurred during the period 830 to 2010 (Utsu, 1982; Usami, 2003). Black triangles denote active arc
volcanoes. Low-frequency microearthquakes within 5 km of each depth are shown by red dots. The velocity perturbation scale and the earthquake
magnitude scale are shown at the bottom. The dashed lines show the Amur-Okhotsk plate boundary. (Reprinted from Phys. Earth Planet. Inter., 188,
Zhao, D., Z. Huang, N. Umino, A. Hasegawa, and T. Yoshida, Seismic imaging of the Amur-Okhotsk plate boundary zone in the Japan Sea, 82–95,
Copyright 2011, with permission from Elsevier.)
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Fig. 32. The same as Fig. 31 but for S-wave velocity images. (Reprinted from Phys. Earth Planet. Inter., 188, Zhao, D., Z. Huang, N. Umino, A.
Hasegawa, and T. Yoshida, Seismic imaging of the Amur-Okhotsk plate boundary zone in the Japan Sea, 82–95, Copyright 2011, with permission from
Elsevier.)

 

 

Fig. 33. Surface topography of NE Japan and the eastern margin of the Japan Sea. Blue and yellow denote the deeper and shallower seafloors, respectively.
The color scale is shown on the right. Black triangles denote the active arc volcanoes. The dashed line indicates the estimated border of the Amur plate.
Red stars denote the large historic earthquakes (the same as those in Fig. 31). (Reprinted from Phys. Earth Planet. Inter., 188, Zhao, D., Z. Huang,
N. Umino, A. Hasegawa, and T. Yoshida, Seismic imaging of the Amur-Okhotsk plate boundary zone in the Japan Sea, 82–95, Copyright 2011, with
permission from Elsevier.)
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Fig. 34. The same as Fig. 31 but for Poisson’s ratio images. (Reprinted from Phys. Earth Planet. Inter., 188, Zhao, D., Z. Huang, N. Umino, A. Hasegawa,
and T. Yoshida, Seismic imaging of the Amur-Okhotsk plate boundary zone in the Japan Sea, 82–95, Copyright 2011, with permission from Elsevier.)

we can exploit the 3-D velocity model to understand the seis-
mogenesis in the interplate megathrust zone.

The most recent and striking example of large subduction-
zone earthquakes is the great Tohoku-oki earthquake
(Mw 9.0) that occurred at 14:46 local time (05:46 UTC) on
11 March, 2011, under the NE Japan forearc (Figs. 22, 23).
A large foreshock of this earthquake took place at 11:45 lo-
cal time on 9 March, 2011, with a magnitude (MJMA) of
7.3, as determined by JMA (www.jma.go.jp). Following the
Tohoku-oki mainshock, and on the same day, three after-
shocks occurred with MJMA ≥ 7.4, and many smaller af-
tershocks were recorded and located by the dense seismic
network installed on the Japan Islands (Fig. 23). Soon after
the occurrence of these earthquakes, JMA, the United States
Geological Survey (USGS) (earthquake.usgs.gov), and sev-
eral other research agencies, published hypocentral param-
eters for these earthquakes. The locations were similar, but
significant differences were apparent. For example, with re-
spect to the Tohoku-oki mainshock, the JMA location was:
(38.103N, 142.861E, 24 km), whereas the USGS location
was: (38.322N, 142.369E, 32.0 km). The difference between
them is over 50 km and was caused by several factors, such
as the differences in the arrival-time data sets and the ve-
locity models used for the earthquake location. The JMA
hypocenters are determined using the seismic stations on the
Japan Islands and the JMA one-dimensional (1-D) velocity
model (Ueno et al., 2002), whereas the USGS hypocenters
are determined with globally-distributed seismic stations and
a global 1-D velocity model (Kennett and Engdahl, 1991).

The hypocentral distribution of earthquakes in the NE Japan
forearc under the Pacific Ocean has been investigated by
deploying ocean-bottom-seismometer (OBS) stations (e.g.,
Hino et al., 2000, 2006; Miura et al., 2003), and using sP
depth phases (Fig. 12) (e.g., Umino et al., 1995; Mishra et
al., 2003; Wang and Zhao, 2005; Gamage et al., 2009; Zhao
et al., 2009a).

Zhao et al. (2011b) relocated the great Tohoku-oki earth-
quake and its 339 foreshocks and 5,609 aftershocks during
9–27 March, 2011, using the 3-D P and S wave velocity
model of Huang et al. (2011a) and the high-quality arrival-
time data recorded by the seismic stations (Okada et al.,
2004) in NE Japan (Fig. 23). Note that six OBS stations lo-
cated in the Pacific Ocean were used, which provided valu-
able constraints on the locations of the suboceanic events.
The hypocentral parameters were determined for each earth-
quake by inverting the P and S wave arrival-time data it-
eratively using a least-squares method (Zhao et al., 1992b,
2009a). A 3-D ray-tracing technique (Zhao et al., 1992b)
was used to calculate accurate travel times and ray paths in
the 3-D velocity model (Huang et al., 2011a). The changes in
the hypocenters before and after relocation are smaller (<5
km) for events beneath land, whereas the changes become
larger for events under the Pacific Ocean, being 5–30 km,
in particular, for events near the Japan Trench (Zhao et al.,
2011b). The relocated hypocenters of the 4 biggest events
(MJMA ≥ 7.3) are all located at, or very close to, the up-
per boundary of the subducting Pacific slab (Fig. 24(b–e)),
which is consistent with their thrust focal mechanism (JMA,
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Fig. 35. (a) The solid contour lines show the rupture areas of large earthquakes that occurred in the eastern margin of the Japan Sea. The thin dotted lines
show the bathymetry of the Japan Sea. (b) Distribution of the zones with high strain rates (grey colors) in the eastern margin of the Japan Sea estimated
from the anticline structures. The solid lines show the active reverse faults. The arrows show the moving direction of the hanging wall of an active fault.
(From Okamura, 2002.)

www.jma.go.jp; Koper et al., 2011; Lay et al., 2011; Shao et
al., 2011). For the 5 biggest events (Fig. 24), their seismo-
grams, recorded by the High-Sensitivity Seismic Network,
were examined and an effort was made to search for sP depth
phases, but this was unsuccessful because the seismograms
were very complicated, possibly due to the complex rupture
processes (Zhao et al., 2011b).

Significant velocity variations are noticeable in the
megathrust zone under the NE Japan forearc (Huang et
al., 2011a; Zhao et al., 2011b) (Fig. 24(a)). Three low-V
anomalies exist off Sanriku, off Fukushima and off Ibaraki
(Fig. 24(a)). Detailed resolution tests indicate that the main
features of the tomographic image are reliable (Huang et al.,
2011a) (e.g., Fig. 25). There is a correlation between the
velocity variation and the distribution of large earthquakes
(MJMA ≥ 6.0) that have occurred from 1900 to 2008, most of
which are considered to be interplate thrust-type earthquakes
(Umino et al., 1990; Usami, 2003; Yamanaka and Kikuchi,
2004; Zhao et al., 2009a). These large earthquakes were lo-
cated using the seismic network on the Japan Islands, and
their epicentral locations are accurate to 10 km (Umino et al.,
1990; Usami, 2003; Yamanaka and Kikuchi, 2004). Most of
the large earthquakes are located in the 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. 24(a)).
The 2011 Tohoku-oki mainshock and its foreshock

(MJMA 7.3) on 9 March, 2011, are located in a significant
high-V zone off Miyagi (Fig. 24(a)). The northern after-
shock (MJMA 7.4) that occurred at 15:08, 11 March, 2011,
is located at the boundary between the off-Sanriku low-V
zone and a high-V zone in the north. The southern af-
tershock (MJMA 7.7) that took place at 15:15, 11 March,
2011, is located at the northern edge of the off-Ibaraki low-V
zone. Such a pattern of hypocenter distribution for the 2011
Tohoku-oki earthquakes is quite consistent with that of the
large earthquakes from 1900 to 2008 (Fig. 24(a)). The after-
shock (MJMA 7.5) that took place at 15:25, 11 March, 2011,
is located east of the Japan Trench and so is considered to be
an outer-rise earthquake (JMA, www.jma.go.jp; Kanamori,
1971; Lay et al., 2011) beyond the range of the 3-D velocity
model.

The low-V patches in the megathrust zone (Fig. 24(a))
may contain subducted sediments and fluids associated with
slab dehydration (Mishra et al., 2003; Huang et al., 2011a;
Zhao et al., 2011b). Thus, the subducting Pacific plate
and the over-riding continental plate may become weakly
coupled, or even decoupled, in the low-V areas. Large-
amplitude reflected waves from the slab boundary were de-
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Fig. 36. Distribution of Quaternary volcanoes (triangles) and surface topography and tectonics in the NE Japan arc (Sato, 1994; Yoshida et al., 2005). The
two solid bold lines show the western and eastern edges of the Quaternary volcanoes; the eastern edge is the present volcanic front, whereas the western
edge is called the volcanic rear edge. Legends for the other symbols are shown in the upper-right box. A: Abukuma Mountains; B: Ou Backbone Range;
D: Dewa Hills; I: Intermountain Basins; K: Kitakami Mountains; L: Kitakami River Valley; M: Mogami Trough; O: Oga-Awashima fault zone (also
Tobishima-Funakawa uplift zone); S: Sado Ridges; T: Tobishima Basin (also Akita-Niigata Basin). (Reprinted from Yoshida et al., 2005, c©JAQUA.)

tected 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 reflectors and the slow thrust earth-
quakes are thought to be caused by fluids at the slab bound-
ary (Kawasaki et al., 2001; Fujie et al., 2002), and they are
all located in the off-Sanriku low-V zone (Fig. 24(a)).

In contrast, the high-V patches in the megathrust zone
(Fig. 24(a)) may result from subducted oceanic ridges,
seamounts, and other topographic highs, as well as compo-
sitional variations in the seafloor of the Pacific plate that be-
come asperities (Kanamori, 1981; Yamanaka and Kikuchi,
2004) where the subducting Pacific plate and the over-riding
continental plate are strongly coupled (Zhao et al., 2011b).
Thus, tectonic stress tends to accumulate in these areas for
a relatively long time during subduction, leading to the nu-
cleation of large and great earthquakes in those high-V ar-
eas (Fig. 24(a)). The off-Miyagi high-V zone, where the
Tohoku-oki mainshock and its largest foreshock occurred
(Fig. 24(a)), corresponds to the area with large coseismic slip

(>25 m) during the Tohoku-oki mainshock (e.g., Iinuma et
al., 2011; Koper et al., 2011; Lay et al., 2011; Shao et al.,
2011) (Fig. 26(b)). This indicates that the off-Miyagi high-
V zone is a large asperity (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. 24(a)), suggest varying degrees
of interplate seismic coupling from north to south in the NE
Japan forearc, possibly controlling the nucleation of the large
interplate earthquakes. The great 2011 Tohoku-oki earth-
quake sequence may be related to such a process. Differ-
ences in interplate seismic coupling could result from varia-
tions in the frictional behavior of materials (Pacheco et al.,
1993; Heki et al., 1997; Kato and Hirasawa, 1997; Miura et
al., 2003). The velocity variations revealed by the tomog-
raphy of the megathrust zone (Fig. 24(a)) may be a mani-
festation of such variations in the frictional behavior. The
tomographic result (Fig. 24(a)) is also in general agreement
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Fig. 37. Vertical cross-sections of (a) P and (b) S wave velocity and (c) Poisson’s ratio images along profile A–B as shown in (d). Red color denotes low
velocity and high Poisson’s ratio, while blue color denotes high velocity and low Poisson’s ratio. The color scale is shown below (c). The average value
of Poisson’s ratio is 0.25. The star symbol and crosses in (a–d) denote the mainshock and aftershocks of the Kobe earthquake (M 7.2) that occurred on
January 17, 1995. The vertical exaggeration is 2:1. Circles and crosses in (d) denote the local crustal earthquakes that occurred during the period 1990
to 1994 and those that occurred after January 17, 1995, respectively. (Reprinted from Science, 274, Zhao, D., H. Kanamori, H. Negishi, and D. Wiens,
Tomography of the source area of the 1995 Kobe earthquake: Evidence for fluids at the hypocenter? 1891–1894, Copyright 1996, with permission from
AAAS.)

with the results of multichannel seismic surveys which re-
vealed along-arc variations of interplate sedimentary units at
the Japan Trench (Tsuru et al., 2002).

Wang and Zhao (2006b) used sP depth phases to relo-
cate the suboceanic events precisely, and then determined
a high-resolution 3-D P and S wave velocity model under
the forearc region (Hyuga-nada) of the Kyushu subduction
zone (Fig. 27). Their result revealed the same pattern as
that in the NE Japan forearc, viz., almost all the large inter-
plate earthquakes are located in the high-V patches, or at the
boundary between the low-V and high-V zones (Fig. 27), in-
dicating that the nucleation of large interplate earthquakes is
controlled by the structural heterogeneity in the megathrust
zone.

6. Back-arc: Eastern Margin of Japan Sea
The Japan Sea is one of the marginal seas in the North-

west Pacific, and it formed as a back-arc basin due to sub-
duction of the Pacific plate beneath the Japanese island arc
(Nishizawa and Asada, 1999). The Japan Sea has a com-
plex bathymetry and heterogeneous crustal structures (e.g.,

Nishisaka et al., 2001; Ohtake et al., 2002; Iwasaki and
Sato, 2009) (Figs. 3, 28). The eastern margin of the Japan
Sea (EMJS) has been subject to convergent tectonics since
the Pliocene (Tamaki and Honza, 1985; Sato, 1994; Yoshida
et al., 2005). The relative motion of 9–17 mm/year be-
tween the Amur and Okhotsk plates is accommodated in the
EMJS as revealed by GPS observations (Heki et al., 1999;
Jin et al., 2007; DeMets et al., 2010). Many small and
large earthquakes occurred in the EMJS (Fig. 4), and the rup-
ture zones of large earthquakes are generally oriented in the
north-south direction (e.g., Satake, 1986; Sato et al., 1986;
Tanioka et al., 1995), which are considered to be associated
with the formation of a nascent plate boundary (Kobayashi,
1983; Nakamura, 1983) separating the Amur plate from
the Okhotsk plate. This nascent plate-boundary proposal
has been demonstrated by many geological and geophysical
studies, including GPS observations (e.g., Heki et al., 1999;
Miyazaki and Heki, 2001; Bird, 2003; Jin et al., 2007; Barth
and Wenzel, 2010; DeMets et al., 2010). The EMJS has a
much larger strain rate and higher seismic potential than the
surrounding areas (Sagiya et al., 2000; Okamura, 2002).
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Fig. 38. Vertical cross-sections of (a) P and (b) S wave velocity and (c) Poisson’s ratio images along the profile C–C′ as shown on the inset map. Red
color denotes low velocity and high Poisson’s ratio, while blue color denotes high velocity and low Poisson’s ratio. The color scale is shown below (c).
The average value of Poisson’s ratio is 0.25. The star symbol denotes the hypocenter of the Kobe earthquake (M 7.2) that occurred on 17 January, 1995.
White dots show the background seismicity within 20 km of the profile. (Reprinted from Tectonophysics, 364, Salah, M., and D. Zhao, 3-D seismic
structure of Kii Peninsula in Southwest Japan: Evidence for slab dehydration in the forearc, 191–213, Copyright 2003, with permission from Elsevier.)

To understand the Amur-Okhotsk plate boundary zone and
the back-arc magmatism and seismotectonics, Zhao et al.
(2011c) determined high-resolution images of Vp, Vs and
Poisson’s ratio (PR) under the EMJS using a large number
of P and S wave arrival-time data from local shallow, and
intermediate-depth, earthquakes. To determine the seismic
structure under the Japan Sea, they used arrival times from
many suboceanic earthquakes that are relocated precisely
using sP depth phases detected from 3-component seismo-
grams recorded by the seismic network on Honshu Island
(Figs. 29, 30). They conducted extensive resolution tests to
examine the resolution scale of the tomographic images, and
the test results show that their tomographic model has a reso-
lution of 30–50 km in the horizontal direction and 10–30 km
in depth under the EMJS.

Figures 31, 32 and 34 show the obtained Vp, Vs and PR
tomographic images at 10-, 25- and 40-km depths together
with the distribution of large crustal earthquakes (M ≥ 6.0)
that occurred during the period 830 to 2010 (Utsu, 1982;
Usami, 2003, and JMA catalogue). Distributions of active

faults and active volcanoes are also shown. The results show
that the Vp and Vs images are quite similar to each other, and
strong lateral heterogeneities exist in the crust and uppermost
mantle under the EMJS. Both high-V and low-V anomalies
are visible. Although the correlation between the tomogra-
phy and the distribution of large crustal earthquakes is not
very obvious, many large earthquakes seem to be located
in, or around, the low-V zones. However, some large earth-
quakes are located in, or around, the high-V zones (Figs. 31,
32). Note that the hypocenter locations of the large earth-
quakes that occurred after 1900 represent the initial points of
earthquake ruptures because these earthquakes were located
by the modern seismic network in Japan, and they may be
accurate to about 10 km or less. In contrast, the hypocen-
ters of large historic earthquakes before 1900 represent the
centroid locations of the rupture zones because they were
estimated from the macroscopic damage resulting from the
earthquakes, and so they have larger uncertainties (Usami,
2003).

The Vp, Vs and PR variations revealed by seismic tomog-
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Fig. 39. Vertical cross-sections of P-velocity (a, e), S-velocity (b, f), Poisson’s ratio (c, g), and VP ∗ VS (d, h) images along the line C–D as shown on
the inset map. (a–d) Results obtained with finite-frequency tomography. (e–h) Results obtained with ray tomography. The vertical exaggeration is 1:1.
Small crosses denote the Kobe aftershocks during the period 17 January, 1995, to 8 May, 1995, which are located within a 10-km width along the line
C–D. The star symbol denotes the hypocenter of the Kobe mainshock (M 7.2), its focal depth is 17.7 km. (Reprinted from Geophys. J. Int., 187, Tong,
P., D. Zhao, and D. Yang, Tomography of the 1995 Kobe earthquake area: Comparison of finite-frequency and ray approaches, 278–302, Copyright
2011, with permission from John Wiley & Sons.)

raphy may be caused by several factors, such as tempera-
ture, composition, and the presence of melt or fluids (see,
e.g., Zhao et al., 2002). To explain the tomographic images
obtained, it is necessary to understand the tectonic history
and geological structures in the EMJS. Japan was part of
the Asian continental margin until the early Miocene (Sato,
1994; Ohtake et al., 2002). The NE Honshu arc was con-
structed by back-arc spreading during 21–18 Ma, when the
Yamato basin was formed, and by subsequent rifting during
19–13.5 Ma (when the Northern Honshu rift system formed)
and island-arc uplifting up to the present time (Ohtake et al.,
2002; Yamada and Yoshida, 2004; Yoshida et al., 2005).

The EMJS region has been subject to convergent tecton-
ics, since the Pliocene, under an E-W compressional stress
regime caused by the collision of the Amur plate with the
Okhotsk plate (Tamaki and Honza, 1985; Okamura, 2002).
Many normal faults and fault-related rifts and grabens de-
veloped in the Early to Middle Miocene, simultaneous with
back-arc spreading of the Japan Sea (Okamura et al., 1995).
The normal faults reactivated as reverse faults during an in-
version stage, due to an increase in compressional stress
since 1–2 Ma ago (Tamaki and Honza, 1985). As a re-
sult, complex geologic structures exist in the EMJS, such as
alternate rift zones, ridges, basins, horsts, grabens, reverse
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Fig. 40. Vertical cross-sections of (a) P and (b) S wave velocity and (c) Poisson’s ratio images along the profile A–B as shown on the inset map. Red
color denotes low velocity and high Poisson’s ratio, while blue color denotes high velocity and low Poisson’s ratio. The scales for velocity and Poisson’s
ratio are shown below (b) and (c), respectively. The average value of Poisson’s ratio is 0.25. The star symbol and white dots denote the mainshock and
aftershocks of the Western Tottori earthquake (M 7.3) that occurred on October 6, 2000. The red triangles and yellow star on the inset map show the
Quaternary volcanoes and epicenter of the Western Tottori earthquake, respectively. (Reprinted from Phys. Earth Planet. Inter., 145, Zhao, D., H. Tani,
and O. P. Mishra, Crustal heterogeneity in the 2000 western Tottori earthquake region: effect of fluids from slab dehydration, 161–177, Copyright 2004,
with permission from Elsevier.)

faults, anticlines, magmatic intrusions, and continental frag-
ments (Ohtake et al., 2002; Yoshida et al., 2005) (Figs. 35(b),
36). The strong velocity variations in the crust and upper-
most mantle in the EMJS revealed by seismic tomography
may reflect these complex geological features. Nishimoto et
al. (2008) made a mineral-physics study of the lower-crust
mafic xenoliths sampled in the EMJS and this showed that
the high-V anomalies in the lower crust under the EMJS rep-
resent cooled igneous rocks formed in the back-arc igneous
period (21–13.5 Ma). In contrast, the low-V anomalies in
the crust and uppermost mantle under the EMJS may reflect
continental fragments and/or more recent magmatic and fluid
activities in the back-arc region.

In the uppermost mantle, significant high-V anomalies
(∼4–6%) are imaged under the Japan Sea side, while low-V
zones are revealed under the Honshu inland area (Figs. 31(c),
32(c)). This feature is well consistent with the results of
seismic explosion experiments carried out across the EMJS,
which show a higher sub-Moho Vp under the Japan Sea
(∼8.0 km/s) than that under the Honshu Island (∼7.5–
7.7 km/s) (Nishisaka et al., 2001; Iwasaki and Sato, 2009).
Significant high-V anomalies are visible in the northern part
of the EMJS (Figs. 31, 32), which correspond to the lower
seafloor topography (Fig. 33), suggesting that that part of the
EMJS has an oceanic crust, whereas the southern part has a
continental crust (Nishizawa and Asada, 1999; Iwasaki and
Sato, 2009).

The EMJS region is seismically very active (Fig. 4). The
large crustal earthquakes in the EMJS are generally caused
by thrust-faulting with fault planes striking in the N-S direc-
tion and dipping eastward, which are considered to represent
the subduction of the Amur plate beneath the Okhotsk plate
(Satake, 1986; Sato et al., 1986) (Fig. 35(a)). The tomo-
graphic results show strong structural heterogeneities in the
EMJS, but a sharp and clear boundary between the Amur and
Okhotsk plates is not visible in the tomographic images, per-
haps because the plate boundary is still nascent (Kobayashi,
1983; Nakamura, 1983).

In the NE Japan arc, seismic and volcanic activities are
mainly caused by the subduction of the Pacific plate under
the Okhotsk and Amur plates. The low-V zones in the upper-
most mantle represent mantle diapirs associated with the as-
cending flow of subduction-induced convection in the man-
tle wedge, and dehydration reactions in the subducting slab
(Zhao et al., 2002; Hasegawa et al., 2005). Magmas ris-
ing further from the mantle diapirs to the crust can cause
low-frequency microearthquakes at levels of the lower crust
and uppermost mantle (Figs. 15–17), and make their appear-
ance as S-wave reflectors at mid-crustal levels (Hasegawa
and Yamamoto, 1994; Matsumoto and Hasegawa, 1996;
Horiuchi et al., 1997). Their upward intrusion raises the tem-
perature and reduces the seismic velocity of crustal materi-
als there, causing the brittle seismogenic layer above them to
become locally thinner and weaker, thus large crustal earth-
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Fig. 41. Vertical cross sections of (a) P and (b) S wave velocity and (c) Poisson’s ratio images along the profile A–B as shown on the inset map. Red color
denotes low velocity and high Poisson’s ratio, while 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 red star and white dots denote the mainshock and aftershocks of the West off-Fukuoka earthquake
(M 7.0) that occurred on March 20, 2005. (Reprinted from Phys. Earth Planet. Inter., 155, Wang, Z., and D. Zhao, Seismic evidence for the influence
of fluids on the 2005 west off Fukuoka prefecture earthquake in southwest Japan, 313–324, Copyright 2006, with permission from Elsevier.)

quakes are apt to take place in those areas under the E-W
compressional stress field (Hasegawa et al., 2005; Zhao et
al., 2010a).

High-resolution tomographic images were determined for
the source areas of the 2004 and 2007 Niigata earthquakes
(M 6.8) in the southwestern part of NE Japan (see Fig. 2)
(e.g., Xia et al., 2008b; Kato et al., 2010). An anomaly with
low-V and high-PR in the lower crust and uppermost man-
tle was revealed under the Niigata source areas, which also
exhibits high conductivity and a high He3/He4 ratio (Ogawa
and Honkura, 2004; Uyeshima et al., 2005; Horiguchi et al.,
2010), indicating the existence of fluids under the EMJS ris-
ing from the upper mantle as a result of slab dehydration and
corner flow in the mantle wedge. Some large thrust faults
during large earthquakes may cut through the whole crust
(Satake, 1986; Tanioka et al., 1995). When the fluids enter
the active faults, pore pressure will increase and fault friction
will decrease, thus a large crustal earthquake can be triggered
(Zhao et al., 2002; Cheng et al., 2011). These geophys-
ical and geochemical results suggest that high-temperature

arc and back-arc magmas and fluids rising from the mantle
wedge can affect (advance) the rupture nucleation of large
crustal earthquakes. This may be one reason for the fre-
quent occurrence of damaging earthquakes in the EMJS and
Tohoku (Figs. 4, 22), in addition to the E-W compressional
stress regime caused by the strong interactions among the
Amur, Okhotsk and Pacific plates.

7. Anatomy of Large Crustal Earthquakes
Since the pioneering work of Reid (1910) on the 1906 San

Francisco earthquake (M 7.8), seismologists have reached
a consensus that an earthquake is caused by the (sudden)
rupture of an active fault in the crust or in the subducting
slab. So far, seismologists have been quite successful in us-
ing seismic waveforms radiated by a large earthquake to es-
timate the coseismic slip distribution on the fault plane (see
the review by Kanamori, 2004). Although seismic tomog-
raphy has been applied successfully to various tectonic en-
vironments on Earth since the late 1970s, the application of
seismic tomography to the study of earthquake faults has not
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Fig. 42. Vertical cross-sections of (a) P-wave velocity, (b) S-wave velocity, and (c) Poisson’s ratio images along the profile A–A′ as shown on the inset
map. Red denotes low velocity and high Poisson’s ratio, while blue denotes high velocity and low Poisson’s ratio. The color scale is shown at the
bottom. Red triangles denote the active Kurikoma volcano. 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). (Reprinted from Phys. Earth Planet. Inter., 184, Cheng, B., D. Zhao, and G. Zhang, Seismic tomography and anisotropy in the source area of
the 2008 Iwate-Miyagi earthquake (M 7.2), 172–185, Copyright 2011, with permission from Elsevier.)

been as successful as for the other tectonic environments.
This is because the spatial resolution of local-scale tomog-
raphy is usually tens of kilometers. Even the best resolution
of local tomography is of the order of a few kilometers (e.g.,
Zhao et al., 1996; Zhao and Negishi, 1998), which is one to
three orders of magnitude greater than the width of an active
fault zone. Thus, structural heterogeneity (such as asperities)
on a fault plane can hardly be imaged by seismic tomogra-
phy at this stage. Seismic tomography is suited for imaging
three-dimensional voluminal heterogeneity of Earth materi-
als, but not good at detecting two-dimensional heterogeneity
on a plane like a fault zone (Zhao, 2001b). Nevertheless,
seismic tomography has been applied with some success in
studying the cause of large earthquakes. In the source areas
of some large earthquakes that are covered by a dense net-

work of permanent or portable seismic stations, tomographic
imaging has detected structural heterogeneities that may be
related to the nucleation process of large earthquakes.

The application of seismic tomography to earthquake
fault zones started relatively late, around the early 1990s
(e.g., Lees, 1990; Michael and Eberhart-Phillips, 1991).
Since then, however, there has been rapid progress in tomo-
graphic studies of large earthquake source areas, thanks to
the progress made in seismic instrumentation technology and
the deployment of portable and/or permanent seismic arrays
in seismically active regions in various parts of the world.
Many high-resolution images have been determined for large
earthquake source areas, which shed new light on the nucle-
ation process of earthquake faulting.

Six damaging crustal earthquakes with magnitudes greater
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Fig. 43. P-wave velocity image at a depth of 40 km beneath (a) central, and (b) northeast, Japan. Red and blue colors denote low and high velocities,
respectively. Circles denote earthquakes (M 5.7–8.0, depths 0–20 km) that occurred during a period of 124 years from 1885 through 2008. Solid triangles
denote active volcanoes. The velocity perturbation scale and the earthquake magnitude scale are shown on the right and at the bottom, respectively.
Crosses and open squares in (b) show low-frequency earthquakes and S-wave reflectors in mid-crust, respectively. Short lines and red stars in (b) show
the active faults and three large earthquakes (the 2004 and 2007 Niigata, and the 2008 Iwate-Miyagi) discussed in this work. (Reprinted from Island Arc,
19, Zhao, D., M. Santosh, and A. Yamada, Dissecting large earthquakes in Japan: Role of arc magma and fluids, 4–16, Copyright 2010, with permission
from John Wiley & Sons.)

than M 6.8 have occurred in the Japan land areas since 1995
(Fig. 2). Because the source zones of these large earthquakes
are covered by the dense permanent seismic network (Fig. 5),
as well as portable seismic stations deployed soon after the
mainshocks, detailed tomographic images in the source areas
of these earthquakes were determined with a high resolution,
which has enabled the examination of the relationship be-
tween crustal heterogeneity and earthquake generation.

The 17 January, 1995, Kobe earthquake (M 7.3) was one
of the most damaging earthquakes in Japan in the past 50
years, and accounted for over 6400 fatalities. Soon after
the occurrence of the Kobe mainshock, many portable seis-
mic stations were deployed in the epicenter area to record
its aftershocks (Hirata et al., 1996). These portable stations
and permanent network stations formed a dense seismic ar-
ray covering the Kobe aftershock area, resulting in accu-
rate hypocenter locations of the aftershocks (Fig. 37). A
large number of arrival-time data from the well-located af-
tershocks and other local earthquakes in the Kobe area were
used to determine high-resolution (4–5 km), 3-D Vp, Vs and
PR images in the Kobe aftershock area (Zhao et al., 1996).
A prominent low-V and high-PR anomaly was detected at
depths of 16–21 km directly beneath the hypocenter of the

Kobe mainshock (under the Akashi strait and Osaka Bay)
(Fig. 37). Its lateral extension is about 15 km. Because there
is no active volcano in the Kobe area and the surface heat
flow is not very high there, the anomaly in the Kobe hypocen-
ter was interpreted as a fluid-filled, fractured rock matrix that
triggered the 1995 Kobe earthquake (Zhao et al., 1996; Zhao
and Negishi, 1998).

Later, detailed tomographic images of the crust and up-
per mantle under SW Japan were determined, which indi-
cate that fluids at the Kobe hypocenter area originated from
the dehydration of the subducting PHS slab under SW Japan
(Zhao et al., 2000a, 2002; Salah and Zhao, 2003b; Salah et
al., 2005; Ikeda et al., 2006; Gupta et al., 2009b) (Fig. 38).
Zhao and Mizuno (1999) estimated the distribution of crack
density and saturation rate in the Kobe source area by ap-
plying a crack theory to the values of Vp, Vs and PR deter-
mined by seismic tomography. It was suggested that sea wa-
ter in Osaka Bay may have permeated down to the deep crust
through the active faults that may have been ruptured many
times during all the earthquake cycles of the past 2 million
years after the formation of Osaka Bay and the active faults
there (Zhao and Mizuno, 1999). Recently, Tong et al. (2011)
used a better data set and adopted both finite-frequency and

doi:10.5047/meep.2012.00101.0001 c© 2012 TERRAPUB, Tokyo. All rights reserved.



38 D. Zhao: Tomography and Dynamics of Western-Pacific Subduction Zones

Fig. 44. P-wave velocity image at a depth of (a) 10, (b) 25, and (c) 40 km beneath southwest Japan. Solid triangles denote volcanoes. The star symbols
denote the epicenters of the 1995 Kobe earthquake (M 7.2), the 2000 West Tottori earthquake (M 7.3), and the 2001 Geiyo earthquake (M 6.8). Other
labelings are the same as Fig. 43. (Reprinted from Island Arc, 19, Zhao, D., M. Santosh, and A. Yamada, Dissecting large earthquakes in Japan: Role of
arc magma and fluids, 4–16, Copyright 2010, with permission from John Wiley & Sons.)

ray tomography methods to determine a detailed 3-D crustal
model of the 1995 Kobe earthquake area (Fig. 39). Their new
results confirmed the earlier findings of Zhao et al. (1996).

Figure 40 shows Vp, Vs and PR images in the source area
of the Western-Tottori earthquake (M 7.3) that occurred on 6
October, 2000 (Zhao et al., 2004a). The mainshock epicen-
ter is located close to the Daisen volcano, and its hypocen-
ter is located at 12-km depth where the tomographic im-
ages change drastically. The upper crust above the main-
shock hypocenter 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
high-temperature materials possibly containing melts under
Daisen, which is a potentially active volcano (Zhao et al.,
2004a, 2011a; Sun et al., 2008). Later, Shibutani et al.
(2005) used a better data set and also found significant ve-
locity variations in the Tottori source area.

Near the focal area of the 2000 Western-Tottori earth-
quake, low-frequency (LF) microearthquakes were detected

at depths of around 30 km (Ohmi and Obara, 2002). Five LF
events occurred within 3 years before the Tottori mainshock
and more than 60 LF events occurred during 13 months af-
ter the mainshock. Waveform analyses show that a single-
force source mechanism is preferable to the 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 high electric-conductivity
anomalies down to a depth of 30 km beneath the western Tot-
tori area, suggesting the existence of fluids in the lower crust,
which caused the lower crust to be electrically conductive
(Oshiman, 2002). A joint inversion of local and teleseismic
data imaged the subducting PHS slab under the Tottori area
and offshore under the Japan Sea (see figure 12 in Zhao et al.,
2004a). The PHS slab is located at about 55-km depth under
the Daisen volcano, and a significant low-V zone is imaged
above the PHS slab and beneath the Daisen volcano. The
low-V zone may reflect a magma chamber under the Daisen
volcano, associated with the dehydration process of the PHS
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Fig. 45. 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, in particular, arc magma and fluids (see text for details).
(Reprinted from Island Arc, 19, Zhao, D., M. Santosh, and A. Yamada, Dissecting large earthquakes in Japan: Role of arc magma and fluids, 4–16,
Copyright 2010, with permission from John Wiley & Sons.)

slab. All these pieces of geophysical evidence suggest the
existence of arc magma and fluids in the Tottori area and
their influence on the generation of the 2000 Western-Tottori
earthquake (Zhao et al., 2004a).

On 20 March, 2005, the west off-Fukuoka earthquake
(M 7.0) occurred in the northwestern portion of Fukuoka
Prefecture, western Japan (Fig. 41). Most of its aftershocks
occurred in a NW-SE trending fault offshore under Tsushima
Strait, which are outside the seismic network in Kyushu.
Wang and Zhao (2006c) collected sP depth-phase data, to-
gether with the first P and S wave data, to relocate the after-
shocks accurately, and then determined high-resolution to-
mographic images in the source area of the Fukuoka earth-
quake (Fig. 41). Vp and Vs images exhibit similar features
in the source area. The mainshock hypocenter is located in a
high-V area, while prominent low-V zones exist in the lower
crust under the mainshock hypocenter and at 5–10 km depth
northwest of the hypocenter (Fig. 41(a, b)). High PR anoma-
lies are visible in, and below, the mainshock hypocenter
(Fig. 41(c)). These features are similar to those in the source
areas of the 1995 Kobe and 2000 Western-Tottori earth-
quakes (Figs. 37–40). Hence, it is considered that crustal
fluids existed in the source area of the Fukuoka earthquake
and affected its nucleation (Wang and Zhao, 2006c).

The fluids in the Fukuoka hypocenter area may be related
to a diapiric mantle upwelling off western Kyushu due to
the opening of the Okinawa Trough. A regional tomography

of East Asia shows that the PHS slab is subducting down
to 500-km depth under East Asia, and the opening of the
Okinawa Trough is caused by the dehydration of the PHS
slab and a convective circulation process in the mantle wedge
above the PHS slab (Huang and Zhao, 2006).

Two crustal earthquakes of magnitude 6.8 occurred in
Niigata Prefecture, Japan: one on 23 October, 2004, the other
on 16 July, 2007. Detailed tomographic images were deter-
mined in the source area of the Niigata earthquakes (e.g.,
Kato et al., 2005; Wang and Zhao, 2006d; Xia et al., 2008b).
Similar to the 1995 Kobe, 2000 Western-Tottori, and the
2005 west off Fukuoka, earthquakes (Figs. 37–41), signif-
icant low-V and high-PR anomalies were detected in the
Niigata source areas, and the anomalies in the crust seem
to be connected with the low-V zone in the upper mantle
wedge. Hence, arc magma and fluids are considered to play
an important role in the nucleation of the two Niigata earth-
quakes (Wang and Zhao, 2006d; Xia et al., 2008b).

Close to the Niigata source area, a large crustal earthquake
(MJMA 6.9) occurred in the Noto Peninsula on 25 March,
2007, which caused significant damage. Detailed crustal to-
mography revealed prominent low-V and high-PR anomalies
in the Noto earthquake area (Padhy et al., 2011), indicating
the effect of back-arc magma and fluids on the generation
of the earthquake, very similar to those in the Niigata earth-
quake areas.

The 2008 Iwate-Miyagi earthquake (M 7.2) occurred in
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Fig. 46. P-wave anisotropic tomography along four slices (a) in the uppermost mantle, (b) in the middle mantle wedge, (c) on the top and (d) in the
subducting Pacific slab as shown in the inset sketch below (c). The dashed lines in (a) and (b) denote the upper boundary of the Pacific slab at 40-km
depth, while the bold curves in (c) and (d) denote the Japan Trench. The black arrows in (a–d) denote the motion direction of the Pacific plate relative
to the Honshu arc. The orientation and length of the short bars represent the fast velocity direction and the anisotropic amplitude with the scale shown
at the bottom. Red and blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown at the bottom. Black triangles
denote active volcanoes. (Reprinted from Geophys. J. Int., 184, Huang, Z., D. Zhao, and L. Wang, Seismic heterogeneity and anisotropy of the Honshu
arc from the Japan Trench to the Japan Sea, 1428–1444, Copyright 2011, with permission from John Wiley & Sons.)

the upper crust under the central portion of Tohoku on 14
June, 2008 (Fig. 42). Its epicenter is located about 10 km
east of the volcanic front and the closest volcano is the ac-
tive Kurikoma volcano. Detailed 3-D Vp, Vs and PR images
in the Iwate-Miyagi source area were determined (Okada
et al., 2010; Cheng et al., 2011) (Fig. 42). The hypocen-
ters of the mainshock, and three large aftershocks, are lo-
cated in a boundary zone where both seismic velocity and
Poisson’s ratio change drastically. A zone with pronounced
low-V and high-PR is revealed in the lower crust and upper-
most mantle under the source area, which reflect arc magma
and fluids ascending from the upper-mantle wedge. The re-
sult indicates that the generation of the 2008 Iwate-Miyagi
earthquake was influenced by the ascending magma and flu-

ids from the upper-mantle wedge, similar to the other large
crustal earthquakes in NE Japan mentioned above.

Detailed tomographic images have been determined for
recent large earthquakes, but not for old, historic large earth-
quakes because a dense seismic network was not avail-
able then. To understand the general relationship between
the structural heterogeneity and seismogenesis, Zhao et al.
(2010a) compared the tomographic images with the distri-
bution of 164 crustal earthquakes (M 5.7 to 8.0) in Japan
that occurred during 1885 to 2008. The tomographic im-
age at 40-km depth (Figs. 43, 44(c)) was best resolved be-
cause of the crisscrossing of horizontal Pn rays from crustal
earthquakes and vertical rays from intermediate-depth earth-
quakes in the subducting slab, and the image also reflects
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Fig. 47. Vertical cross-sections of P-wave anisotropic tomography along the eight profiles shown on the inset map. Red and blue colors denote slow
and fast velocities, respectively. The velocity perturbation scale is shown at the bottom. The orientation and length of the short bars represent the fast
velocity direction (azimuth) and the anisotropic amplitude with the scale shown at the bottom. The horizontal bold line at the top of each cross-section
shows the land area where seismic stations are deployed. Solid triangles denote active volcanoes within a 30-km width along each profile. The three
curved lines denote the Conrad and Moho discontinuities and the upper boundary of the subducting Pacific slab, while the dashed lines denote the
inferred lower boundary of the Pacific slab. The triangles and curved line on the inset map denote active volcanoes and the Japan Trench, respectively.
(Reprinted from Geophys. J. Int., 184, Huang, Z., D. Zhao, and L. Wang, Seismic heterogeneity and anisotropy of the Honshu arc from the Japan Trench
to the Japan Sea, 1428–1444, Copyright 2011, with permission from John Wiley & Sons.)

well the fluids and magma arising from the mantle wedge.
Hypocenter locations, and the magnitudes, of large earth-
quakes are taken from Utsu (1982), Usami (2003), and the
JMA catalogue for recent events. Because all the large his-
toric earthquakes considered in this study occurred beneath
inland areas, their locations and magnitudes were relatively
well determined. Zhao et al. (2010a) calculated P-velocity
perturbations (dV/V ) in the crust and uppermost mantle at
the hypocenters of the 164 large earthquakes and they found
that for 71% of the earthquakes, −3% < dV/V < 0%, and
12% of them had a dV/V < −3%. For the remaining 17%
of the large earthquakes, 0 < dV/V < 1.5%. These re-
sults indicate that the large earthquakes generally occurred at
the edge portion of low-V zones or along the boundary be-
tween low-V and high-V bodies (Figs. 43, 44). Only some
smaller events (M 5.7–5.8) are located in the central part of
the low-V zones. A few earthquakes are located in high-V
areas, but they are generally smaller than M 6.0. Note that
the resolution of the tomographic images is 25 to 33 km in
the horizontal direction and 10–15 km at depth in the crust
and uppermost mantle. It is possible that some low-V and
high-V zones smaller than the resolution scale were not de-
tected in the tomographic maps.

Figure 45 shows a qualitative model to explain the seis-
mogenesis of large crustal earthquakes in Japan, referring to

the previous studies (Hasegawa and Zhao, 1994; Zhao et al.,
2000a, 2002; Hasegawa et al., 2005). Two processes are con-
sidered to be the most important in a subduction zone. One
is corner flow in the mantle wedge that can bring heat to the
mantle wedge from the deeper mantle through convection
because of the temperature gradient in the mantle. The other
is the dehydration reactions of the subducting oceanic slab.
In the forearc region, the temperature is lower, and hence
magma cannot be produced, and the fluids from slab dehy-
dration may migrate up to the crust. If the fluids enter an
active fault in the crust, pore pressure will increase and fault
zone friction will decrease, which may trigger large crustal
earthquakes such as the 1995 Kobe earthquake (M 7.2). Un-
der the volcanic front and back-arc areas, arc magma can
be produced because of the high temperature in the mantle
wedge and fluids from the slab dehydration. Migration of
magma up to the crust produces arc volcanoes and causes
lateral heterogeneities and a weakening of the seismogenic
upper crust, which can lead to large crustal earthquakes, such
as the 2000 Western-Tottori, 2004 and 2007 Niigata, 2005
west off Fukuoka, and the 2008 Iwate-Miyagi, earthquakes,
as mentioned above. Dehydration reactions of the subduct-
ing slab may also trigger large intraplate earthquakes, such
as the 24 March, 2001, Geiyo earthquake (M 6.8) that oc-
curred within the subducting Philippine Sea slab under the
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Fig. 48. (a) Ray paths from shallow earthquakes (blue crosses), low-frequency earthquakes (red crosses), upper-plane earthquakes (gray crosses) and
lower-plane earthquakes (open circles) in the subducting slab used in the shear-wave splitting analysis. Solid squares at the top denote the seismic
stations, while the triangle indicates the position of the volcanic front (VF). The dashed lines denote the Conrad and the Moho discontinuities and the
upper boundary of the subducting Pacific slab at the latitude of 40◦N. (b) The delay time for the earthquakes whose ray paths only pass through the
back-arc shown in (a). The dashed line indicates the envelope of the maximum delay time. The maximum delay times for the earthquakes in different
layers are marked. (c) The same as (b) but for earthquakes in the forearc. (From Huang et al., 2011b.)

Seto Inland Sea in SW Japan (Zhao et al., 2002), and the 26
May, 2003, Miyagi-oki earthquake that occurred within the
subducting Pacific slab under the Pacific coast in NE Japan
(Mishra and Zhao, 2004).

The low-V zones in the uppermost mantle (Figs. 43, 44(c))
are the manifestation of mantle diapirs associated with an as-
cending flow of subduction-induced convection in the man-
tle wedge, and dehydration reactions in the subducting slab
(Zhao et al., 1992b, 2009a; Hasegawa and Zhao, 1994;
Hasegawa et al., 2005). As mentioned above, magma ris-
ing further from the mantle diapirs to the crust causes LF
events in the lower crust and uppermost mantle, which make
their appearance as S-wave reflectors. Their upward intru-
sion raises the temperature and reduces the seismic velocity

of crustal materials around them, causing the brittle seismo-
genic layer above them to become locally thinner and weaker
(Fig. 45). Subject to the horizontally-compressional stress
field in the plate-convergence direction, contractive defor-
mations will take place mainly in the low-V areas because
of the thinning of the brittle seismogenic layer and a weak-
ening of the crust and uppermost mantle there, due to the
higher temperature and the existence of magma- or fluid-
filled, thin, inclined reflectors that are incapable of sustaining
the applied shear stress (Hasegawa et al., 2005). The defor-
mation proceeds partially in small earthquakes but mainly as
a plastic deformation, causing crustal shortening, upheaval
and mountain building. Large crustal earthquakes cannot oc-
cur within the weak low-V zones but in their edge portions,
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Fig. 49. (a, d, g) The individual shear-wave splitting measurements are plotted at the middle of each ray path for the (a) high, (d) middle and (g) low
frequency bands. The blue and black bars denote the best and good measurements, respectively. The splitting parameters (ϕ, δt) obtained are indicated
by the orientation and length of each short bar. The δt scale is shown in the upper-left inset. The red triangles denote the active volcanoes, while the
bold arrow indicates the motion direction of the Pacific plate relative to NE Japan. (b, e, h) The weighted rose diagrams for ϕ plotted at the stations for
the (b) high, (e) middle and (h) low frequency bands. The weight for the best and good measurements is 1.0 and 0.5, respectively. (c, f, i) The measured
nulls plotted at the stations with the bars orientated in the initial polarization of the waveform and its orthogonal direction for the (c) high, (f) middle
and (i) low frequency bands. The blue and black crosses denote the good and fair nulls, respectively. (From Huang et al., 2011c.)

where the mechanical strength of materials is stronger than
that of the low-V zones but still weaker than the normal sec-
tions of the seismogenic layer. Thus, the edge portion of
the low-V areas becomes the ideal location to generate large
crustal earthquakes that produce faults reaching the Earth’s
surface or blind faults within the brittle upper crust. Al-
though the tomographic results are complex and details of
the image change in different earthquake areas (Figs. 37–
44), low-V and/or high-PR anomalies are generally visi-
ble below or around the mainshock hypocenters. This sug-
gests one common feature: the significant influence of fluids
and magma on the rupture nucleation of large crustal earth-
quakes.

Significant structural heterogeneities, and their effects on
the seismogenesis, are also revealed in the source areas
of many large earthquakes in the continental regions (e.g.,
Lees, 1990; Michael and Eberhart-Phillips, 1991; Zhao and
Kanamori, 1992, 1993, 1995; Kayal et al., 2002; Mishra and
Zhao, 2003; Huang and Zhao, 2004, 2009; Zhao et al., 2005;
Mukhopadhyay et al., 2006; Qi et al., 2006; Tian et al.,

2007a, b; Lei and Zhao, 2009; Tian and Zhao, 2011). The
occurrence of deep moonquakes seems also to be affected by
structural heterogeneities in the lunar mantle, in addition to
tidal forces (Zhao et al., 2008; Sakamaki et al., 2010; Zhao
and Arai, 2011).

8. Seismic Anisotropy Tomography
Seismic anisotropy is the direction-dependent nature of

the propagation velocity of seismic waves. Natural min-
erals usually have some crystallographic structure. Under
the physical conditions of high temperature and high pres-
sure in the Earth’s deep interior, rocks undergo slow plastic
deformation (e.g., Zhang et al., 2006, 2007). Through the
deformation process, crystallographic axes of minerals are
realigned to a particular direction due to uniaxial tectonic
stress. Rocks may thus exhibit petrofabic structure, which in
turn will produce seismic anisotropy on a macroscopic scale
(e.g., Zhang et al., 2005; Shiraishi et al., 2008). Anisotropy
can also form due to the presence of aligned cracks. It is
found that seismic anisotropy exists in almost every portion
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Fig. 50. (a) The mean delay time (δt) and its standard deviation at each station are plotted against the longitude. The larger solid symbols denote the
stations where more than two reliable measurements were made, while the smaller open symbols denote the stations with only one measurement. The
weighted averages of the δt values for the high, middle and low frequency bands are shown as black triangles, blue squares and red circles, respectively,
with the corresponding standard deviations indicated by short bars. The weight for the best and good measurements is 1.0 and 0.5, respectively. The
three horizontal dashed lines show the overall mean δt values for the three frequency bands. The black triangle on the top denotes the volcanic front
(VF). (b) The weighted averages of the δt values for the upper-plane and lower-plane earthquakes (Fig. 48(a)) in four sub-areas from the west to east
(the longitude range is shown for each sub-area). The number of splitting measurements is shown beside each symbol. (From Huang et al., 2011c.)

of the Earth, from the crust, mantle, to the inner core.
The above-mentioned tomographic studies in Japan deter-

mined only 3-D isotropic velocity models. Shear-wave split-
ting studies, however, have revealed significant anisotropic
anomalies in the upper-mantle wedge and the subducting
Pacific slab under Japan (e.g., Ando et al., 1980; Okada et
al., 1995; Hiramatsu et al., 1997; Nakajima and Hasegawa,
2004). Studying seismic anisotropy is very important
for understanding dynamical processes in the Earth. The
anisotropy in the upper mantle is caused mainly by the
strain-induced crystallographic preferred orientation (CPO)
of olivine, which is generally considered to be associated
with the mantle flow (Karato et al., 2008). Thus, seismic
anisotropy can provide direct information on dynamical pro-
cesses in a subduction zone. Shear-wave splitting could de-
tect seismic anisotropy under a region, but it has a poor
depth resolution and cannot clarify in what depth range the
anisotropy exists.

Several researchers have tried to determine P-wave

anisotropic tomography in the Japan and New Zealand sub-
duction zones, and the results show that complex anisotropic
anomalies exist in wide areas of the crust, mantle wedge
and the subducting Pacific slab (e.g., Hirahara and Ishikawa,
1984; Eberhart-Phillips and Henderson, 2004; Ishise and
Oda, 2005; Wang and Zhao, 2008, 2009, 2010; Cheng et al.,
2011). Huang et al. (2011a) used a large number of arrival-
time data from local earthquakes in the crust and the subduct-
ing Pacific slab to determine a detailed P-wave anisotropic
tomography of the NE Japan arc from the Japan Trench to
the Japan Sea (Figs. 46, 47). Their results show that the fast
velocity direction (FVD) in the uppermost mantle and right
above the slab ranges from E-W to NW-SE, which agrees
well with the motion direction of the Pacific plate relative to
NE Japan. The trench-normal FVD can be explained by the
deformation and alignment of A-type fabric olivine caused
by the subduction of the Pacific plate and induced mantle
wedge convection (Karato et al., 2008). The FVD in the
middle of the mantle wedge ranges from E-W to NE-SW,
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Fig. 51. A schematic diagram showing the anisotropic structures under NE Japan. Anisotropy is considered to exist in the color hatched areas. The
orange and yellow colors indicate strong and weak anisotropy, respectively. The horizontal bars and circled crosses denote the trench-normal and
trench-parallel fast polarization directions, respectively. The curve with a downward-pointing arrow denotes the mantle flow in the mantle wedge driven
by the subduction of the Pacific slab, while the upward-pointing arrow indicates the secondary mantle flow containing partial melts. The thick horizontal
bar at the top denotes the land area. The triangles indicate the active volcanoes. The inverted triangle denotes the Japan Trench. Horizontal solid arrows
denote the horizontally-compressional regime in NE Japan while double blank arrows denote the bending and unbending in the subducting Pacific slab.
Dipping lines in the outer rise part of the Pacific plate denote the normal faults. The dashed lines denote the Conrad and the Moho discontinuities and
the upper and lower boundaries of the subducting Pacific slab, respectively. (Modified from Huang et al., 2011b.)

arguing for a 3-D mantle flow or an alignment of olivine’s
A-axis 90◦ to the shear direction in the partially molten man-
tle.

The FVD is found to be N-S in the subducting Pacific slab,
which reflects either the original fossil anisotropy when the
Pacific plate was produced, or the trench-parallel CPO and
shaped preferred orientation (SPO) of the faults and cracks
developed in the subducting slab due to slab bending and
unbending (Faccenda et al., 2008). Hiramatsu et al. (1997)
found that the subducting slab shows a strong anisotropy
resulting from phase changes in the slab from shear-wave
splitting analyses of ScS waves that travel from the events in
the slab down to the deep mantle and are bounced back from
the core-mantle boundary.

Huang et al. (2011b) further studied the anisotropic struc-
ture under NE Japan by analyzing shear-wave splitting of
earthquakes that occurred in the upper crust, lower crust and
in the double seismic zone within the subducting Pacific slab
(Fig. 48). The 4366 measurements they made provide im-
portant new information on the anisotropic structures in the
crust, Pacific slab, and especially the mantle wedge. In the
upper crust, the anisotropy is mainly caused by the stress-
aligned fluid-saturated microcracks. The measured delay
time increases to 0.10 s at 10–11 km depth while the FVD
is parallel to either the tectonic stress or the strike of ac-
tive faults. The maximum delay time for the low-frequency
earthquakes near the Moho is 0.15–0.17 s, suggesting strong
anisotropy at the base of the lower crust that is caused by the
preferred orientation of minerals. The splitting parameters of
the intermediate-depth earthquakes in the Pacific slab show

a dominant E-W (trench-normal) FVD in the back-arc and
an N-S (trench-parallel) FVD in the forearc. In the back-arc,
the trench-normal FVD can be explained by the corner flow
in the mantle wedge driven by subduction of the Pacific plate.
The maximum delay time can reach as large as 0.30–0.32 s
for the events at 100-km depth, but only about half of the to-
tal delay time is produced in the mantle wedge (Fig. 48). The
apparent weak anisotropy may be explained by an isotropic
or weak anisotropic zone in the middle of the mantle wedge.
In the forearc, the dominant trench-parallel FVD is consis-
tent with that in the upper crust where ∼80% of the total de-
lay time can be accounted for, suggesting that the shear-wave
splitting in the forearc is mainly caused by the anisotropy in
the crust.

To clarify the cause of the complex features of S-wave
anisotropy in NE Japan, Huang et al. (2011c) analyzed care-
fully shear-wave splitting on 320 intermediate-depth earth-
quakes occurring in the subducting Pacific slab in differ-
ent frequency bands (Figs. 49, 50). Their results show that
the delay time is definitely smaller (<0.2 s) in the high-
frequency band than that (0.3–0.4 s) in the low-frequency
band, and so the splitting parameters, especially the delay
time, are strongly frequency-dependent. Although the de-
lay time is indubitably smaller under NE Japan than in the
other subduction zones regardless of the frequency band,
nine large delay time values (0.5–0.7 s) were detected, which
indicates that the anisotropy is potentially strong in NE Japan
(Huang et al., 2011c).

Both the P and S wave anisotropy results in NE Japan
are consistent with a model of subduction-driven back-
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Fig. 52. (a) Local earthquake tomography for a subduction zone. (b) Local and teleseismic joint inversion for the tomography of a subduction zone.
(Reprinted from Gondwana Res., 15, Zhao, D., Multiscale seismic tomography and mantle dynamics, 297–323, Copyright 2009, with permission from
Elsevier.)

arc spreading and convection in the mantle wedge causing
trench-normal fast orientations in the wedge, and aligned
faults and cracks in the subducting Pacific slab causing
trench-parallel fast orientations in the slab (Fig. 51). When
an S wave travels through an area having multilayer orthog-
onal anisotropies, some of its splitting would be cancelled
and thus a small delay time is observed. The trench-parallel
FVD under the land area of the forearc revealed by shear-
wave splitting of local earthquakes can be explained by the
anisotropy in the crust and the subducting slab. The B-type
fabric olivine in the mantle wedge under the forearc (Karato
et al., 2008) is unnecessary and not supported by the new
results of Wang and Zhao (2008, 2010) and Huang et al.
(2011a, b, c).

9. Deep Structure of Japan Subduction Zone
Beneath the Japan Islands, earthquakes occur mainly in

the upper crust and in the subducting Pacific and Philippine
Sea slabs, which enable us to determine the 3-D veloc-
ity model of the crust, mantle wedge and the upper por-
tion of the subducting slab, but we cannot study the man-
tle structure below the slab using only the local event data
(Fig. 52(a)). Zhao et al. (1994) proposed to make joint
use of local-earthquake arrival times and teleseismic resid-
uals in tomographic inversion (Fig. 52(b)). This joint in-
version approach preserves the advantages of the separate
approaches of local-earthquake tomography and teleseismic
tomography and overcomes their drawbacks. Moreover, the
horizontally-propagating local rays and vertically-traveling
teleseismic rays crisscross well in the shallow portion of the
model, which can improve the resolution there (Fig. 52(b)).

The deep structure of the Japan subduction zone is deter-

mined by using a large number of high-quality arrival-time
data from local, regional and distant earthquakes recorded
by the dense seismic networks on the Japan Islands (Zhao
et al., 1994; Zhao and Hasegawa, 1994; Abdelwahed and
Zhao, 2007; Yanada et al., 2010). Figures 53 and 54 show
five vertical cross-sections of P-wave tomography down to
700-km depth under Japan. Beneath NE Japan, the mantle-
wedge low-V zone is found to extend westward beneath the
Japan Sea, and is not just confined to beneath the Honshu
land (Fig. 53(b)). Earthquakes occur within the PHS slab
down to a depth of ∼50 km under Chugoku and ∼200 km
under Kyushu, whereas a high-V zone is revealed below the
seismic zone in the PHS slab, which represents the aseis-
mic portion of the PHS slab that extends down to ∼300-km
depth with a dipping angle of ∼45 degrees under the Japan
Sea (Fig. 53(c)) and down to ∼400-km depth under western
Kyushu (Fig. 53(d)). It is not clear whether the PHS slab
has subducted to a greater depth or not under the Japan Sea.
Even if it has, the slab may not be detected because there are
still no seismic stations installed in the Japan Sea. The PHS
slab bends suddenly right beneath the Daisen volcano that
is located on the Japan Sea coast (Fig. 53(c)). A prominent
low-V anomaly is visible at depths of 20–50 km beneath the
Daisen volcano and right above the subducting PHS slab,
which may represent the arc magma under the volcano as-
sociated with the dehydration of the PHS slab (Zhao et al.,
2004a; Sun et al., 2008).

Beneath northern Kyushu, a significant low-V zone is vis-
ible in the crust and upper-mantle wedge above the PHS slab
(Fig. 53(d), 54). The low-V zone extends down to 400-
km depth dipping toward the west, which is considered to
be associated with the shallow and deep dehydration of the
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Fig. 53. Vertical cross-sections of P-wave tomography from 0- to 700-km depth beneath Japan (Yanada et al., 2010). Location of the cross-section is
shown on the inset map. Red and blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown at the bottom.
The red triangles and the thick line on the top denote active volcanoes and the land area, respectively. Earthquakes within a 30-km width from the
cross-section are shown in open circles.

 

 

 

 

 

 

  

Fig. 54. The same as Fig. 53 but an east-west vertical cross-section of P-wave tomography from 0- to 700-km depth.
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Fig. 55. (a) Tectonic background in and around the Japan Islands. The color scale shows the topography. The box outlined by the red lines represents
the region shown in (b). The white circles and blue squares denote the deep earthquakes and seismic stations used, respectively. (b) Distribution of
earthquakes (stars) and seismic stations (blue squares) used to calculate the RMS travel-time residuals for slab models including the metastable olivine
wedge. The contour lines indicate the depth distribution of the upper boundary of the subducting Pacific plate (after Zhao et al., 1994, 1997b). Magnitude
and depth scales of the earthquakes are shown at the bottom. NST and NEQS are abbreviations for Number of Stations and Number of Earthquakes,
respectively. (Reprinted from J. Asian Earth Sci., 42, Jiang, G., and D. Zhao, Metastable olivine wedge in the subducting Pacific slab and its relation to
deep earthquakes, 1411–1423, Copyright 2011, with permission from Elsevier.)

PHS slab and a convective circulation process in the man-
tle wedge, similar to the processes occurring in the mantle
wedge above the Pacific slab. These processes may have led
to the formation and opening of the Okinawa Trough with its
northern end at the Unzen volcano in western Kyushu.

The deep subduction of the PHS slab is also imaged by the
regional tomography of East Asia (Huang and Zhao, 2006).
The PHS slab is visible down to the mantle transition zone
(MTZ) depths (Fig. 65). Detailed resolution analyses and
synthetic tests have been conducted (Huang and Zhao, 2006;
Abdelwahed and Zhao, 2007; Yanada et al., 2010), which
have confirmed that the deep subduction of the PHS slab
down to MTZ is a reliable feature.

Significant low-V anomalies are imaged between the sub-
ducting PHS slab and the Pacific slab at depths of 100 to
500 km under SW Japan (Figs. 53(c, d), 54). The low-
V zones are connected with the Pacific slab, which may

be caused by fluids from the deep dehydration of the Pa-
cific slab, as well as a convective circulation process in the
mantle wedge. The Pacific slab has a large subduction rate
of 7–10 cm/yr at the Japan Trench, and so the slab has a
lower temperature, which allows deep slab dehydration at
400–500 km depth, similar to that occurring in the subduct-
ing Pacific slab under the Tonga arc and the Lau back-arc
spreading center (Zhao et al., 1997b; Conder and Wiens,
2006). Water transported to the deep upper mantle and the
MTZ is stored in some hydrous minerals such as phase A,
phase E, superhydrous phase B, phase D, and nominally an-
hydrous minerals such as wadsleyite and ringwoodite (In-
oue et al., 2004; Komabayashi et al., 2004; Ohtani et al.,
2004; Zhao and Ohtani, 2009). Dehydration reactions pro-
ceed by decomposition of the hydrous minerals due to the
temperature increase of the stagnant slab. The decrease of
the maximum water solubility in wadsleyite and ringwood-
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Fig. 56. P-wave ray paths from deep earthquakes (white dots) to seismic stations (red triangles) within the red box on the inset map. The thick black line
and dashed line indicate the upper and lower boundaries of the subducting Pacific slab, respectively. The color shows P-wave velocity perturbations in
the slab relative to an average 1-D velocity model. (Reprinted from J. Asian Earth Sci., 42, Jiang, G., and D. Zhao, Metastable olivine wedge in the
subducting Pacific slab and its relation to deep earthquakes, 1411–1423, Copyright 2011, with permission from Elsevier.)

ite may also cause slab dehydration (Inoue et al., 2004;
Komabayashi et al., 2004; Ohtani et al., 2004; Zhao et al.,
2007b; Ohtani and Zhao, 2009).

The deep low-V zones at depths of 100–500 km between
the Pacific and PHS slabs should have a higher temperature
due to the corner flow in the mantle wedge above the Pacific
slab. Thus, the PHS slab can be heated from below and so its
brittleness is lost at a shallower depth, and so intermediate-
depth earthquakes do not occur within the slab below 80-km
depth under Chugoku and below 200 km under Kyushu. The
heating by the hot low-V zones from below may also reduce
the stiffness of the PHS slab so that the slab suddenly bends
where the intraslab seismicity stops (Fig. 53(c)). The arc
magma under the Daisen volcano and the PHS slab dehydra-
tion may also contribute to the softening of the slab because
the bending occurs right beneath the Daisen volcano (Zhao
et al., 2004a; Fig. 53(c)).

A dipping low-V zone is visible at depths of 80–300 km
above the Pacific slab and beneath the active volcanoes in
the Izu-Bonin arc (Fig. 54), which represents the upwelling
flow in the central part of the mantle wedge, similar to that
under Hokkaido and NE Japan (Fig. 53(a, b)). Another low-
V anomaly is visible at 80–250 km depth directly beneath the
PHS slab (Figs. 53(d), 54), which may reflect an upwelling
flow from the deep part of the mantle wedge bumping the
PHS slab from below, which may have changed the PHS slab
geometry and affected the cut-off depth of seismicity in the
PHS slab.

10. Metastable Olivine Wedge and Deep Earth-
quakes

Although deep earthquakes constitute only a few percent
of global seismic activity, estimated from either the number
of earthquakes or seismic moments, they can provide direct
information on the thermal, thermodynamic, and mechani-
cal properties inside the subducting slab (Kirby et al., 1996).
However, the mechanism of deep earthquakes is a subject
of debate, and several models have been proposed, includ-
ing 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 it was
recognized early on that the deepest earthquakes occur in the
mantle transition zone (Green and Houston, 1995).

Using travel-time residuals from deep earthquakes, Iidaka
and Suetsugu (1992) showed 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, and
they suggested that the occurrence of deep earthquakes is
related to the MOW in the Pacific slab. Koper et al. (1998)
investigated this issue for the subducting slab in the Tonga
region, but they failed to detect a MOW in the Tonga slab.
Kaneshima et al. (2007) and Kubo et al. (2009) revealed a
MOW of 5% low-velocity relative to the iasp91 Earth model
(Kennett and Engdahl, 1991) inside the subducting Mariana
slab.
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Fig. 57. (a) Epicenter locations of the 78 deep earthquakes used. Focal mechanism solutions (lower-hemisphere projection) of four 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 the active volcanoes. (b) Vertical cross-section of the relocated 78 earthquakes and the focal mechanism solutions of
four earthquakes in the optimal slab model along the line A–B. The solid and dashed lines denote the upper and lower boundaries of the Pacific slab.
The grey triangle in the slab represents the optimal MOW model. (Reprinted from J. Asian Earth Sci., 42, Jiang, G., and D. Zhao, Metastable olivine
wedge in the subducting Pacific slab and its relation to deep earthquakes, 1411–1423, Copyright 2011, with permission from Elsevier.)

Jiang et al. (2008) and Jiang and Zhao (2011) studied the
fine structure of the subducting Pacific slab under the Japan
Sea using a large number of high-quality arrival-time data
from deep earthquakes under the Japan Sea and the East
Asian margin recorded by the dense seismic network of the
Japan Islands (Fig. 55). They detected a low-V finger within
the subducting Pacific slab in the MTZ depth under the Japan
Sea, which is interpreted to be a MOW (Fig. 56). They
carefully 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. 57), suggesting
that the occurrence of deep earthquakes is related to the fine
structural heterogeneity and phase changes in the subducting
slab, as suggested by earlier studies (e.g., Kirby, 1991; Green
and Houston, 1995).

The MOW is a tiny 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., Abdelwahed and
Zhao, 2007; Yanada et al., 2010). Hence, so far seismolo-

gists have adopted forward-modeling approaches to investi-
gate 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 sea (e.g., the Japan
Sea) above the deep earthquakes.

11. The Pacific Slab Edge under Kamchatka
The Kamchatka peninsula is located at the northwestern

edge of the Pacific Ocean (Fig. 58(a)). The Pacific plate,
of Cretaceous age, is subducting beneath the Kamchatka arc
and moving along the strike-slip Bering fault at 7.7 cm/yr at
55◦N to 8.3 cm/yr at 47◦N (DeMets et al., 1990; Steblov et
al., 2003). Geological studies showed that the volcanism and
convergence in Kamchatka ceased about 55 Ma ago, but re-
sumed about 30 Ma ago (Watson and Fujita, 1985). About
10 Ma ago, island-arc magmatism extended to the north of
the Aleutian-Kamchatka junction along the mid-Kamchatka
volcanic belt, but it is now extinct (Honthaas et al., 1995).
A chain of active volcanoes, Holocene in age, along the
eastern coast of Kamchatka are underlain by about a 100-
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Fig. 58. (a) Map of the Kamchatka region with surface topography shown in colors. Yellow squares show the locations of 15 portable seismic stations. The
blue square denotes a permanent seismic station. Red arrows denote the direction of motion of the Pacific plate subducting along the Kurile-Kamchatka
trench and transcurrent motion along the Bering Fault. Red and black triangles represent the active and inactive volcanoes, respectively. S, Sheveluch
volcano; K, Klyuchevskoy volcano. The inset map shows the location of the tomographic study area. (b) Epicentral locations of 75 teleseismic events
(squares) used in the tomographic imaging. The triangle denotes the center of Kamchatka. (Reprinted from Tectonophysics, 465, Jiang, G., D. Zhao,
and G. Zhang, Seismic tomography of the Pacific slab edge under Kamchatka, 190–203, Copyright 2009, with permission from Elsevier.)

km depth-contour of the subducting Pacific slab (Gorbatov
et al., 1997). The Sheveluch and Klyuchevskoy volcanoes
have shifted northwestward from the volcanic front. Be-
tween 54◦N and 55◦N, the Meiji seamounts, the northern-
most segment of the Hawaii-Emperor seamount chain, en-
ter the Kamchatka trench (Fig. 58(a)). The configuration
of the Pacific slab under the Kamchatka region was studied
using the distribution of intermediate-depth and deep earth-
quakes occurring in the slab, which shows that the dipping
angle of the slab decreases northward from about 55◦ to 35◦

(Gorbatov et al., 1997). The maximum depth of earthquakes
becomes shallower along the subduction zone from ∼600 km
beneath southern Kamchatka to ∼100–200 km near the junc-
tion (Davaille and Lees, 2004).

The 3-D upper mantle structure under the Kamchatka
peninsula has been investigated by several researchers to
date. Gorbatov et al. (1999) applied the tomographic method
of Zhao et al. (1992b) to determine a 3-D P-wave velocity
model down to a depth of 200 km, and their results showed
a prominent low-V anomaly beneath the volcanic front and
a high-V zone corresponding to the subducted Pacific slab.

But their study region was in the southeastern Kamchatka
arc, because of the distribution of seismic stations then avail-
able. Levin et al. (2002) determined a surface-wave tomog-
raphy down to 200-km depth, which shows that the sub-
ducting Pacific slab terminates at the Aleutian-Kamchatka
junction and no relict slab underlies the extinct northern
Kamchatka volcanic arc. Lees et al. (2007) determined P-
wave teleseismic tomography, revealing that the depth of the
subducting slab under Kamchatka shoals toward the north,
and they considered thermal ablating related to the astheno-
sphere as a possible cause for the feature.

Jiang et al. (2009) determined a 3-D P-wave veloc-
ity model of the mantle down to 700-km depth under the
Kamchatka peninsula using arrival-time data collected from
digital seismograms of 75 teleseismic events recorded by
15 portable seismic stations and 1 permanent station in
Kamchatka (Fig. 58). The data used have a very good ray
path coverage under Kamchatka Peninsula (Fig. 59), re-
sulting in a reliable tomographic image under the region
(Fig. 60). The subducting Pacific slab is imaged clearly and
is visible in the upper mantle and extends down to the 660-
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Fig. 59. Distribution of P-wave ray paths in plan view (a) and in north-south (b) and east-west (c) vertical cross-sections. Squares denote the 16 seismic
stations used. The dashed lines in panels (b) and (c) denote the Moho, 410-km and 660-km discontinuities, respectively. (Reprinted from Tectonophysics,
465, Jiang, G., D. Zhao, and G. Zhang, Seismic tomography of the Pacific slab edge under Kamchatka, 190–203, Copyright 2009, with permission from
Elsevier.)

km discontinuity under southern Kamchatka, while the slab
shortens toward the north and terminates near the Aleutian-
Kamchatka junction (Figs. 60, 61). Low-V anomalies are
visible beneath northern Kamchatka and under the junction
(Fig. 60(e–h)), which are interpreted as asthenospheric flow.
Beneath the active arc volcanoes in Kamchatka, however,
low-V zones are not revealed clearly in the crust and upper-
most mantle as are those under the Japan Islands, because
only teleseismic data were used in the tomographic imaging
and so the shallow structure was not well resolved.

Shear-wave splitting studies suggested that a trench-
parallel strain follows the seismogenic Wadati-Benioff zone,
but rotates to become trench-normal beyond the slab edge
(Peyton et al., 2001; Portnyagin et al., 2005), indicating that
the asthenospheric flow passes through a slab window be-
neath the junction. In addition, thermal modeling of the
reheating of a torn slab shows that the Pacific plate was
already thinner well before its entering of the trench due
to delayed thickening of the lithosphere below the Meiji-
Hawaiian hotspot (Davaille and Lees, 2004).

Figure 61 schematically depicts the main seismological re-
sults under Kamchatka. Based on the tomographic image
and other geological and geophysical results, it is considered
that the slab loss under northern Kamchatka was induced
by friction between the slab and the surrounding astheno-
sphere as the Pacific plate rotated clockwise about 30 Ma
ago, and then it was enlarged by the slab-edge pinch-off by
the asthenospheric flow and the presence of Meiji seamounts
(Jiang et al., 2009). As a result, the slab loss and the sub-
ducted Meiji seamounts have jointly caused the Pacific plate
to subduct under Kamchatka with a smaller dip angle near
the junction, which made the Sheveluch and Klyuchevskoy
volcanoes shift westward (for details, see Davaille and Lees,
2004; Jiang et al., 2009).

12. Subduction and Dehydration of Continental
Plates

A high-resolution P-wave tomography of the crust and
upper mantle under Taiwan was determined by using a large
number of data from local, regional and teleseismic events
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Fig. 60. (a–h) Vertical cross-sections of P-wave velocity images of the Kamchatka subduction zone. The locations of the cross-sections are shown in (i).
Red and blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown below (f). Black and red triangles denote
inactive and active volcanoes within a 30-km width of each profile, respectively. White dots indicate earthquake hypocenters within a 30-km width of
each cross-section (the hypocenter parameters are obtained from the IRIS web site), while black dots show the relocated hypocenters which are more
accurate. The three dashed lines denote the Moho, 410-km and 660-km discontinuities, respectively. The black and white triangles in (i) denote active
and inactive volcanoes, respectively. (Reprinted from Tectonophysics, 465, Jiang, G., D. Zhao, and G. Zhang, Seismic tomography of the Pacific slab
edge under Kamchatka, 190–203, Copyright 2009, with permission from Elsevier.)

simultaneously (Wang et al., 2006). A high-V zone was
revealed from the surface down to a depth of 300 km un-
der South Taiwan, which is interpreted to be the subducted
Eurasian lithosphere (Fig. 62). This tomographic result im-
plies that the tectonic framework of Taiwan has changed
from subduction in the south to collision in the north, sup-
porting a previous tectonic model proposed by Lallemand et
al. (2001) (Fig. 62(d)). The subducted Eurasian lithosphere
colliding with the subducting PHS slab may have contributed
to mountain building, active seismicity, and crustal deforma-
tion in and around Taiwan. Significant low-V anomalies are
visible above the subducted Eurasian lithosphere (Fig. 62(a))
and between the Eurasian lithosphere and the PHS slab down
to ∼230-km depth (Fig. 62(b)). The low-V zones are con-
nected with a volcano on the surface (Fig. 62(b)). We con-
sider that at least part of the low-V anomalies is associated
with the dehydration processes of the PHS slab, as well as
the subducted Eurasian plate.

The subducting Indian plate is imaged clearly beneath the
Tibetan Plateau by inverting teleseismic data recorded by

the portable seismic stations deployed to date in the Tibetan
Plateau (Zheng et al., 2007; He et al., 2010) (Fig. 63).
Two low-V zones are visible in the crust and mantle wedge
above the subducting Indian slab, which may represent high-
temperature anomalies or partial melts associated with the
corner flow and slab dehydration processes, similar to the
formation of arc magmas in Japan, though the slab is a sub-
ducting continental (Indian) plate. In the Tibetan Plateau,
there is no prominent volcano, but geothermal anomalies ex-
ist there extensively (Liu, 1999). The dehydration of the sub-
ducting continental plate may not be as much as that of a sub-
ducting oceanic plate, and the crust is too thick in Tibet so
that melts in the upper mantle wedge cannot reach the sur-
face easily, hence active volcanoes are not produced in the
Tibetan Plateau. Recent body-wave and surface-wave tomo-
graphic studies show similar results (e.g., Zhou and Murphy,
2005; Chen et al., 2009).

Tengchong is an active intraplate volcano located at the
boundary between China and Burma (see the inset maps in
Figs. 64 and 65 for its location in SW China). A promi-
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Fig. 61. A perspective image showing the Pacific plate subducting to the west through the mantle transition zone beneath Kamchatka. The uppermost thin
board represents the crust. Asterisks indicate the seismicity (schematically) which shoal toward the north beneath Kamchatka. S, Sheveluch volcano;
K, Klyuchevskoy volcano. (Reprinted from Tectonophysics, 465, Jiang, G., D. Zhao, and G. Zhang, Seismic tomography of the Pacific slab edge under
Kamchatka, 190–203, Copyright 2009, with permission from Elsevier.)

nent low-V zone is revealed down to 300-km depth under
the volcano (Fig. 65(b)). The subducting Burma microplate
(part of the Indian plate) is clearly imaged as a high-V zone
under Tengchong, and intermediate-depth earthquakes occur
down to 200-km depth within the high-V zone (Huang and
Zhao, 2006). Lei et al. (2009) determined a high-resolution
P-wave tomography of the crust and upper mantle down to
650-km depth under the Tengchong volcano using a large
number of arrival-time data from local and teleseismic events
recorded by a new digital seismic network consisting of 35
seismic stations in Yunnan Province, SW China. A clear
low-V zone with a width of about 100 km is revealed un-
der the Tengchong volcano down to 410-km depth, and the
low-V zone extends toward the east in the depth range of
250–410 km. High-V anomalies are revealed in the MTZ
under Tengchong. These local and regional tomographic re-
sults suggest that the origin of the Tengchong volcanism is
related to the deep subduction and dehydration of the Burma
microplate (or the Indian plate) (Huang and Zhao, 2006; Lei
et al., 2009; Zhao and Liu, 2010).

These tomographic results (Figs. 62, 63, 65) suggest
that dehydration may also take place after a continental
plate subducts into the upper mantle, which may have con-
tributed to the formation of the active intraplate volcanoes
and geothermal anomalies in those continental areas. Wa-
ter can be transported into the deep upper mantle and the
MTZ also by subduction of the continental plate, since there
are several minerals that can transport water into the deep
mantle (Zhao and Ohtani, 2009). The dehydration of the
hydrous minerals in the mafic component of the continen-

tal lower crust such as amphibole, chlorite, zoisite, lawsonite
and phengite occurs in the upper mantle, whereas the hy-
drous minerals in the acidic component of the continental
upper crust such as phengite, topaz-OH and phase egg de-
hydrate in the deep upper mantle and the MTZ (e.g., Ono,
1998; Schmidt and Poli, 1998; Ohtani, 2005). Dehydration
of these minerals can cause the low-V anomalies in the up-
per mantle above the subducting continental plate (Zhao and
Ohtani, 2009).

13. Stagnant Slab and Big Mantle Wedge
A high-resolution P-wave tomography down to 1300-km

depth under the entire East Asia is determined by apply-
ing a mantle tomography method (Zhao, 2001c) to about
one million arrival-time data of P , pP, PP and PcP waves
from 19,361 earthquakes recorded by 1012 seismic stations
in the East Asian region (Huang and Zhao, 2006) (Figs. 64,
65). At depths of 15 to 300 km, the most significant features
in East Asia are the high-V anomalies corresponding to the
subducting Pacific and Philippine Sea slabs. The location of
the high-V zones migrates gradually toward the west with
increasing depth, generally parallel to the oceanic trenches.
Almost all of the intermediate-depth and deep earthquakes
are located in the high-V zones. Under the Philippine Sea
and between the subducting Pacific and Philippine Sea slabs,
clear low-V anomalies are visible from 15- to 900-km depth
(Fig. 65). The low-V zone in the upper mantle may represent
the hot mantle wedge under the Izu-Mariana arc and back-
arc, where fluids from the dehydration of the Pacific slab and
corner flow in the mantle wedge result in magma and lead to
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Fig. 62. (a, b) East-west vertical cross-sections of P-wave tomography from 0- to 400-km depth beneath South Taiwan determined by Wang et al. (2006).
Locations of the cross-sections are shown in (c). 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 from
each profile are shown in white dots. (d) Schematic diagram showing the major tectonic features in and around Taiwan. (Reprinted from Tectonophysics,
335, Lallemand, S., Y. Font, H. Bijwaard, and H. Kao, New insights on 3-D plate interaction near Taiwan from tomography and tectonic implications,
229–253, Copyright 2001, with permission from Elsevier.)

the formation of active volcanoes in the Izu-Mariana arc and
back-arc, as well as back-arc spreading, similar to the struc-
ture and process under the Tonga arc and Lau back-arc basin
(Zhao et al., 1997b). The low-V zone in the lower mantle un-
der the Philippine Sea may represent the hot upwelling flow
associated with the deep subduction of the Pacific slab under
Mariana and deep subduction of the Eurasian plate under the
Philippine Trench (see figure 6 in Huang and Zhao, 2006).

Under SW China, high-V anomalies corresponding to the
subducting Indian plate are visible down to about 300-km
depth (Fig. 65). The location of the slab moves gradually to-
ward the north and its northern edge reaches the Qiangtang
block (see figure 8(e) in Huang and Zhao, 2006). Some high-
V anomalies exist down to 1000-km depth or even deeper un-
der India (Fig. 65), which might be pieces of the old Tethyan
slab collapsing down to the lower mantle (Van der Voo et al.,
1999; Zhou and Murphy, 2005).

Significant low-V anomalies exist in the upper mantle
under the Japan Islands, the marginal seas in the Western
Pacific, and eastern China, and the low-V zones extend grad-

ually toward the west with increasing depth (Fig. 64). Such
a wide extent of the low-V zones under eastern China is
consistent with suggestions about the thinning of the litho-
sphere under eastern China (Menzies et al., 2007). Un-
der the intraplate volcanic areas such as Changbai, Datong
and Tengchong, low-V zones exist from the surface down to
200–300 km depth.

At the MTZ depths (410–660 km), broad high-V anoma-
lies are visible under eastern China, which show images of
the stagnant Pacific slab in the MTZ (Fukao et al., 1992;
Zhao, 2004; Zhao et al., 2009b). In the uppermost lower
mantle, the high-V anomalies become less prominent under
eastern China, but still visible under Izu-Mariana, the Philip-
pine arc, SW China, and India.

In the Asian continent, there are several prominent ac-
tive volcanoes, such as the Changbai and Wudalianchi volca-
noes in NE China, the Tengchong volcano in SW China, and
the Hainan volcano in southernmost China (Hainan Island)
(Fig. 64(c)). Recent seismic studies have shed new light on
the origin of these intraplate volcanoes (Zhao and Liu, 2010).
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Fig. 63. North-South vertical cross-section of P-wave tomography under the Tibetan Plateau. The location of the cross-section is shown on the inset map.
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 100 km of the profile. The red squares on the map show the portable seismic stations used for the tomographic imaging. (From
Zheng et al., 2007.)

A detailed 3-D P-wave tomography of the crust and upper
mantle beneath the Changbai volcano in NE China was de-
termined by using a large number of arrival-time data from
local earthquakes and teleseismic events that were recorded
by 645 permanent seismic stations in China and 19 portable
stations around the Changbai volcano (Zhao et al., 2009b)
(Fig. 66). The result shows a clear low-V anomaly extend-
ing down to 410-km depth under the Changbai volcano. A
high-V anomaly is visible in the MTZ, and deep earthquakes
occur at depths of 500–600 km within the high-V zone,
suggesting that the stagnant Pacific slab exists under the
Changbai region (Fig. 66). This high-resolution tomography
under Changbai has greatly improved the previous results for
this region (Zhao et al., 2004b; Lei and Zhao, 2005). The dis-
tribution of seismic stations is very sparse in the Wudalianchi
area, hence the tomographic image under Wudalianchi has a
lower resolution (e.g., Duan et al., 2009). Global tomogra-
phy (Zhao, 2004, 2009) shows that the overall features of
mantle structure under the Wudalianchi volcano are similar
to that under the Changbai volcano (No. 25 in Fig. 70), sug-
gesting that the two intraplate volcanoes may have the same
origin.

The stress regime in the subducting Pacific slab was inves-
tigated by using focal-mechanism solutions of intermediate-

depth and deep earthquakes under the Japan Sea and the East
Asian margin (Zhao et al., 2009b). The result shows that the
compressional-stress axes of almost all deep earthquakes are
nearly parallel with the down-dip direction of the slab, in-
dicating that the Pacific slab is under a compressional-stress
regime in the depth range of 200 to 600 km. It was sug-
gested that such a stress regime in the slab is caused by the
slab meeting strong resistance at the 660-km discontinuity,
consistent with seismic tomography results (Fig. 64). Ichiki
et al. (2006) studied the electric-conductivity structure under
East Asia, and their results suggest that the asthenosphere
under East China is both hot and wet, being associated with
the deep dehydration of the stagnant Pacific slab.

A big mantle wedge (BMW) model was proposed to ex-
plain the intraplate magmatism and mantle dynamics un-
der East Asia based on the multiscale tomographic images
(Zhao et al., 2004b, 2007b; Lei and Zhao, 2005) (Fig. 67).
It is considered that the upper mantle above the stagnant
slab has formed a BMW under East Asia, and corner flow
in the BMW, and fluids from deep slab dehydration and/or
brought down from the shallow mantle wedge by convec-
tion, cause an upwelling of hot asthenospheric materials, re-
sulting in a thinning and fracturing of the lithosphere under
Eastern China. The formation of active intraplate volcanism
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Fig. 64. (a, b) East-west vertical cross-sections of P-wave tomography along the two profiles shown on the inset map (c). Red and blue colors denote low
and high velocities, respectively. The velocity perturbation scale is shown above (b). The white dots show earthquakes that occurred within 100 km of
each profile. The two dashed lines denote the 410-km and 670-km discontinuities. (Modified from Huang and Zhao, 2006.)

 

Fig. 65. The same as Fig. 64 but for two other vertical cross-sections. (Modified from Huang and Zhao, 2006.)

doi:10.5047/meep.2012.00101.0001 c© 2012 TERRAPUB, Tokyo. All rights reserved.



58 D. Zhao: Tomography and Dynamics of Western-Pacific Subduction Zones

 

 

 

 

Fig. 66. (a) East-west and (b) north-south vertical cross-sections of P-wave velocity tomography along profiles shown in (c). Red and blue colors denote
slow and fast velocity anomalies, respectively. The velocity perturbation scale is shown beside (a). The black triangles denote the active Changbai
volcano. The dashed lines show the 410-km discontinuity. (c) Map showing locations of the two cross-sections in (a) and (b). The red triangle denotes
the Changbai volcano. Black crosses and white dots show the shallow (0–30 km) and deep (450–600 km) earthquakes. (Reprinted from Phys. Earth
Planet. Inter., 173, Zhao, D., Y. Tian, J. Lei, L. Liu, and S. Zheng, Seismic image and origin of the Changbai intraplate volcano in East Asia: Role of
big mantle wedge above the stagnant Pacific slab, 197–206, Copyright 2009, with permission from Elsevier.)

(such as the Changbai and Wudalianchi volcanoes), strong
intraplate earthquakes, reactivation of the North China cra-
ton, the abundant oil and other natural mineral resources
(such as the Daqing oil field), and a boundary in surface to-
pography and gravity anomaly in eastern China are all re-
lated to the structure and dynamic processes in the BMW
above the stagnant slab in the MTZ under East Asia (Zhao et
al., 2010b, 2011d). Mineral-physics studies have shown that
deep slab dehydration in the MTZ is possible (e.g., Inoue
et al., 2004; Ohtani et al., 2004; Ohtani and Litasov, 2006;
Ohtani and Zhao, 2009). Recent results of shear-wave split-
ting (Liu et al., 2008; Huang et al., 2011d), electrical con-
ductivity (Ichiki et al., 2006), numerical modeling (Faccenna
et al., 2010; Zhu et al., 2010), and geochemical analysis
(Chen et al., 2007; Zou et al., 2008; Kuritani et al., 2009),
all suggest a hot and wet upper-mantle above the stagnant
Pacific slab and their close relationship to the intraplate vol-
canism and active tectonics in NE China, and so all support
this BMW model (Fig. 67).

Figures 68–70 show 36 vertical cross-sections of whole-
mantle P-wave tomography under the Northern and Western

Pacific, and East Asia, from a new global tomography model
(Zhao et al., 2010b). Over one million arrival times of first
P-wave and later phases (pP, PP, PcP, and Pdiff waves) were
used in the whole-mantle tomographic inversion by adopt-
ing a flexible-grid approach (Zhao, 2009). Active volcanoes
(Simkin and Siebert, 1994) and seismicity in the vicinity of
each cross-section are also shown in the tomographic im-
ages. The subducting Pacific slab is clearly imaged as a
high-V zone in the upper mantle under southern Alaska and
the eastern Aleutian arc, where earthquakes occur down to
200–300 km depths (Fig. 68). Active arc volcanoes are lo-
cated above the slab. Local high-resolution tomography has
revealed that the subducting Pacific slab is 50–70 km thick,
and low-V anomalies exist in the upper mantle wedge under
the active arc volcanoes (e.g., Zhao et al., 1995; Qi et al.,
2007a, b). The global tomography model has a lower resolu-
tion than the local tomography, hence the slab is imaged as a
broader dipping zone (Fig. 68).

Some Cenozoic volcanoes exist in western Alaska and the
eastern Bering Sea, and a few of them have erupted in the
last 10,000 years (Simkin and Siebert, 1994; Mukasa et al.,
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Fig. 67. The big mantle wedge (BMW) model. The subducting Pacific slab becomes stagnant in the mantle transition zone, and a BMW has formed in the
upper mantle above the stagnant slab. The convective circulation process in the BMW and the deep dehydration process of the slab cause upwellings
of hot and wet asthenospheric materials, leading to the formation of continental rift systems as well as intraplate volcanoes in NE Asia. (With kind
permission from Springer Science+Business Media: Chinese Sci. Bull., Origin of the Changbai intraplate volcanism in Northeast China: Evidence from
seismic tomography, 49, 2004, 1401–1408, Zhao, D., J. Lei, and R. Tang, figure 6(b).)

2007). Low-V anomalies exist in the upper mantle under
those intraplate volcanoes (Fig. 68). High-V anomalies are
visible in the MTZ, which represent the Pacific slab stagnat-
ing in the MTZ, similar to the results beneath Eastern China
(Fig. 64). Under the western portion of the Aleutian arc, the
Pacific plate is not subducting beneath the Bering Sea, and
the boundary between the Pacific and North American plates
actually becomes a strike-slip transform fault (the Bering
fault), hence no intermediate-depth and deep earthquakes oc-
cur there and a high-V slab is not visible in the upper mantle
there (Fig. 68, a12). However, a high-V zone exists in the
MTZ under the western Bering Sea (Fig. 68, a11–12), which
may represent the old Pacific slab, or the Farallon slab, stag-
nating in the MTZ that is detached from the present Pacific
plate. These features are also visible in the cross-sections
parallel to the Aleutian trench (Fig. 69, a13–17).

In the upper mantle under the Kamchatka Peninsula and
the Kuril arc, the subducting Pacific slab is clearly visible
and intermediate-depth and deep earthquakes occur actively
in the high-V Pacific slab, forming a clear Wadati-Benioff
deep seismic zone (Fig. 69, a18–24). Active arc volcanoes
are located above the eastern edge of a big low-V zone in
the upper mantle. The stagnant slab in the MTZ is visi-
ble under the Kuril arc (Fig. 69, a20–24) but not beneath
Kamchatka (Fig. 69, a18–19). The bottom depths of the
Wadati-Benioff deep seismic zone and the Pacific slab it-
self become shallower toward the north under Kamchatka
Peninsula, and the slab disappears under the northernmost
Kamchatka (Figs. 60, 61). High-V anomalies extend con-
tinuously to the lower mantle under southern Kamchatka

and northern Kuril (Fig. 69, a19–21), suggesting that part
of the Pacific slab has subducted down to the lower mantle,
whereas the remaining part remains in the MTZ. Under the
southern Kuril arc, the entire Pacific slab seems to be stag-
nating in the MTZ (Fig. 69, a22–24). Note that the dip angle
of the Wadati-Benioff zone becomes smaller gradually from
north to south beneath the Kuril arc, i.e., it decreases from
45–50 degrees under southern Kamchatka to ∼30 degrees
under Hokkaido in northern Japan (Fig. 69, a20–24).

The global tomography model has a better resolution be-
neath the East Asia region because of a better coverage of
seismic stations there. Hence the Pacific slab shows up more
clearly in the mantle tomography under East Asia (Fig. 70)
than under the northern Pacific regions (Figs. 68, 69). The
overall features of the tomographic images in Fig. 70 are
quite similar. The Pacific plate subducting from the Japan
Trench is clearly visible in the upper mantle with a clear
Wadati-Benioff deep seismic zone within the slab. The
Pacific slab becomes stagnant in the MTZ under East Asia.
The slab and the deep seismic zone have a gentle dip angle of
∼30 degrees under the Japan arc and back-arc (Fig. 70, a25–
a33), while they become steep and nearly vertical beneath
the Izu-Mariana region (Fig. 70, a34–a36). The subducting
Philippine Sea slab is also revealed in the upper mantle be-
neath the Ryukyu arc and back-arc (Fig. 70, a33–a36).

Many Quaternary intraplate volcanoes exist in East Asia,
such as the Wudalianchi, Jingbo, Changbai, Sikhote-Alin,
Ulreung, etc. (Simkin and Siebert, 1994). Under these vol-
canoes, significant low-V anomalies exist in the upper man-
tle above the stagnant slab in the MTZ (Fig. 70(a)). The

doi:10.5047/meep.2012.00101.0001 c© 2012 TERRAPUB, Tokyo. All rights reserved.



60 D. Zhao: Tomography and Dynamics of Western-Pacific Subduction Zones

 

 

 

 

 

 

 

 

Fig. 68. (a) Vertical cross-sections of whole-mantle P-wave tomography along the profiles shown on the inset map (b). Red and blue colors denote low
and high velocities, respectively. The maximum amplitude of the velocity anomalies is 1%. The white dots show earthquakes which occurred within
100 km of the profile. The two dotted lines denote the 410-km and 670-km discontinuities. Red triangles show active volcanoes. The thin red lines
on the inset map show the plate boundaries. AK, Alaska; BK, Lake Baikal; BS, Bering Sea; ECS, East China Sea; HW, Hawaii; JP, Japan Sea; PHS,
Philippine Sea; SCS, South China Sea; SO, Sea of Okhotsk. (Reprinted from Russ. Geol. Geophys., 51, Zhao, D., F. Pirajno, N. Dobretsov, and L. Liu,
Mantle structure and dynamics under East Russia and adjacent regions, 925–938, Copyright 2010, with permission from Elsevier.)

stagnant slab and upper mantle structure under the intraplate
volcanoes in East Asia are better imaged by high-resolution
local and regional tomography (Figs. 64–66).

These global tomography results (Figs. 68–70) indicate
that the BMW model (Fig. 67) works not only for the East
Asia region, but is also applicable to the broad regions in the
northern and western Pacific subduction zones. Most, or all,
of the intraplate volcanoes in western Alaska, the Aleutian
and eastern Eurasian regions, may be explained by the BMW
model, and so those intraplate volcanoes may have an origin
which is the same as that of the Changbai volcano; hence,
they may be called Changbai-type volcanoes.

Significant high-V anomalies are visible in the lower man-
tle down to the core-mantle boundary (CMB) (Figs. 68–70),
which represent pieces of slab materials collapsing down to
the CMB (Maruyama, 1994; Zhao, 2004, 2009; Idehara et
al., 2007; Maruyama et al., 2007). Low-V anomalies are
also imaged in the lower mantle, which may represent up-
welling return flows caused by the down-welling of the slab
materials (Zhao et al., 2011d).

14. Discussion and Future Perspectives
As mentioned above, many studies, using high-resolution

crustal tomography, have revealed fluid-related low-V
anomalies in the source areas of large crustal earthquakes,
but it is hard to clarify exactly where the fluids come from
just from tomographic images. The He3/He4 ratio is a useful
geochemical indicator for the origin of fluids. It is found that
the He3/He4 ratio is higher in the source areas of the 1995
Kobe earthquake (M 7.2) and the 2004 and 2007 Niigata
earthquake areas, suggesting that the fluids originate from
the dehydration of subducting Pacific and Philippine Sea
slabs (e.g., Umeda et al., 2006; Horiguchi and Matsuda,
2008). Studies using the He3/He4 ratio, and/or other geo-
chemical indicators, should be made in the source areas of
large crustal earthquakes in China and India to clarify the ori-
gin of the fluids in the continental areas. Deep dehydration
of the stagnant slab under East Asia may have contributed
fluids to the uppermost mantle and the crust to affect the gen-
eration of large crustal earthquakes in the reactivated North
China Craton, such as the 1679 Sanhe earthquake (M 8.0)
and the 1976 Tangshan earthquake (M 7.8), but such a sce-
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Fig. 69. The same as Fig. 68 but for other cross-sections. Profiles No. 13–17 pass through the Bering Sea, while profiles No. 18–24 pass through Sea of
Okhotsk. (Reprinted from Russ. Geol. Geophys., 51, Zhao, D., F. Pirajno, N. Dobretsov, and L. Liu, Mantle structure and dynamics under East Russia
and adjacent regions, 925–938, Copyright 2010, with permission from Elsevier.)

nario should be confirmed, or refuted, by using geochemical
or other methods (Zhao et al., 2011d).

The existence of fluids in the crust and uppermost mantle
can affect the long-term structural and compositional evolu-
tion of fault zones, change the strength of a fault zone, and
alter the local stress regime (Sibson, 1992; Hickman et al.,
1995). These factors can enhance the stress concentration in
the seismogenic layer leading to mechanical failure. Spatial
and temporal variations in the crustal stress field have been
reported for the source areas of some large earthquakes (e.g.,
Katao et al., 1997; Zhao et al., 1997c; Huang et al., 2011e),
which have been associated with fluids in the fault zones.

These many pieces of geophysical and geochemical evi-
dence, as mentioned above, suggest that the generation of
a large earthquake is not entirely a mechanical process, but
is also closely related to the physical and chemical proper-
ties of the materials in the crust and upper mantle, such as
magma, fluids, etc. (Zhao et al., 2002, 2010a). The rup-
ture nucleation zone should have a three-dimensional spatial
extent, not just limited to the two-dimensional surface of a
fault, as suggested earlier by Tsuboi (1956) on the concept
of earthquake volume. Complex physical and chemical re-
actions take place in the source zone of future earthquakes,

causing heterogeneities in the material properties and stress
field, which can be detected using seismic tomography and
other geophysical methods. The source zone of an M 6 to 9
earthquake extends from about 10 km to 500 km (Kanamori,
2004). The spatial resolution of recent tomographic im-
ages is close to that scale, which has enabled us to image
earthquake-related heterogeneities (e.g., earthquake volume)
in the crust and uppermost mantle. These results indicate that
large earthquakes do not strike anywhere randomly, but only
in anomalous areas that may be detected using geophysical
methods (Zhao et al., 2002, 2010a).

It should be noted that the tomographic images shown in
this monograph have different resolution scales and differ-
ent amplitudes of velocity anomalies. The resolution scale
of a tomographic image is determined by the density of ray
path coverage and the degree of ray crisscrossing, which are
determined by the distribution of seismic stations and the
earthquakes considered. The amplitude of velocity anoma-
lies retrieved by seismic tomography is affected by damping
and smoothing regularizations that are required for stabiliz-
ing tomographic inversions, because of the uneven distribu-
tion of seismic rays in the crust and mantle under a study area
(Zhao, 2009). Thus, the amplitude of velocity anomalies in
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Fig. 70. The same as Fig. 68 but for cross-sections passing through the Japan Islands, Japan Sea and East Asia. (Reprinted from Russ. Geol. Geophys.,
51, Zhao, D., F. Pirajno, N. Dobretsov, and L. Liu, Mantle structure and dynamics under East Russia and adjacent regions, 925–938, Copyright 2010,
with permission from Elsevier.)

the real Earth is difficult 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 (e.g., Figs. 11, 14–21), seismic sta-
tions and earthquakes have a relatively uniform distribution,
and so weak damping and smoothing are applied, leading to
a better recovering of the amplitude of velocity anomalies,
which can be up to 6–10%. In contrast, strong damping and
smoothing have to be applied in global and large-scale re-
gional tomography because of the very uneven distribution
of seismic stations and earthquakes, which lead to a smaller
amplitude of velocity anomalies (1–2%) (e.g., Figs. 64, 65,
68–70). Therefore, the amplitudes of velocity anomalies in
a tomographic image should be interpreted carefully by con-
sidering the strength of damping and smoothing applied in
the inversion as well as the scale of the tomographic model.

The future development of seismic tomography depends
on the progress of both seismic instrumentation and method-
ology. The data coverage determines the first-order features
of a tomographic result. At present, most of the seismic sta-
tions are installed in land areas, whereas few are in broad
oceanic regions. The gradual deployment of many seis-

mometers on the seafloor, and in less-instrumented land ar-
eas, will be a most important task for seismologists in the
future. Installing a dense permanent or portable network of
ocean-bottom seismometers in the marginal seas (e.g., East
China Sea, Japan Sea, Sea of Okhotsk, and Bering Sea, etc.)
will be necessary to resolve several important geodynamic
issues in subduction zones, such as the fate of subducting
slabs, the detailed structure and processes in the big mantle
wedge, the mechanism of deep earthquakes, and the back-arc
and intraplate magmatism, etc.

At the same time, new technologies and more efforts are
needed to extract useful data from the seismograms. Many
different converted and reflected waves have been identified
in subduction zones because of the complex structures there,
in particular, seismic discontinuities associated with sub-
ducting slabs. These later phases of converted and reflected
waves, collected from local and regional seismograms, have
been demonstrated to be very useful for body-wave tomog-
raphy. The discovery of every new later phase, and its use in
tomography, may open a new window for us to reveal novel
features of the Earth’s structure. For example, the detection
of sP depth-phases at a short epicentral distance (<300 km)
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from suboceanic earthquakes (Umino et al., 1995), and its
application in tomography, enables us to determine a 3-D
velocity model outside a seismic network (Zhao et al., 2002,
2007a). The use of multiple reflected waves in the crust
(SmS, sSmS) results in a high-resolution crustal tomography
with only two stations (Zhao et al., 2005). The use of Moho
reflected waves (PmP) in tomography leads to a better map-
ping of the lower crustal structure and the crustal thickness
(e.g., Salah and Zhao, 2004; Xia et al., 2007; Sun et al.,
2008; Gupta et al., 2009b; Lei et al., 2011). The addition
of various types of later phases in the mantle and core in
global tomography enables a better imaging of deep mantle
plumes (Zhao, 2001c, 2007, 2009). Advanced waveform-
modeling techniques make it possible to identify and col-
lect many later-phase data from high-frequency seismograms
(e.g., Helmberger et al., 2001; Abdelwahed and Zhao, 2005).

Continuous efforts are also needed to improve the the-
oretical aspects of seismic imaging. The limitation of the
ray theory is recognized, and more advanced seismic wave-
propagation theories are needed. A finite-frequency wave-
propagation theory (the so-called Banana-Doughnut theory)
was proposed for body-wave and surface-wave tomography
(Dahlen et al., 2000), and has been applied to study the 3-D
Earth structure at both local and global scales (e.g., Montelli
et al., 2004; Hung et al., 2004). However, the effectiveness
of this Banana-Doughnut theory in tomography is still de-
batable (e.g., van der Hilst and de Hoop, 2005; Nolet et al.,
2007; Tong et al., 2011). Tomographic images obtained with
the Banana-Doughnut theory are very similar to those ob-
tained with ray theory; the obtained velocity pattern is ex-
actly the same, and there is only a minor difference in the am-
plitude of velocity anomalies (Montelli et al., 2004; Boschi
et al., 2006; Tong et al., 2011). It seems that the inhomo-
geneous data coverage, as well as the damping and smooth-
ing regularizations in tomographic inversion, have a much
greater effect than the difference in the wave-propagation
theory adopted (van der Hilst and de Hoop, 2005; Boschi et
al., 2006). That is to say, the ray theory is still robust enough
for tomographic imaging of the Earth’s structure for a long
time to come; in particular, for local and regional tomog-
raphy which uses high-frequency seismic waves. Figure 39
shows a comparison of local crustal-tomography models de-
termined with ray theory and finite-frequency theory (Tong
et al., 2011). The two models are very similar to each
other; the only difference between them is in the amplitude
of velocity anomalies. The finite-frequency images exhibit
stronger velocity anomalies than those revealed by the ray
tomography, which conclusion was also drawn by previous
studies (e.g., Hung et al., 2004; Montelli et al., 2004).

Recently, waveform tomography has become feasible for
both regional and local scale tomography (e.g., Friedrich,
2003; Pollitz and Fletcher, 2005; Fichtner et al., 2009).
Ambient-noise tomography has also been proposed to study
the crust and uppermost mantle structure (e.g., Shapiro et
al., 2005). These studies demonstrate that seismograms can
be further exploited to better image the 3-D Earth struc-
ture. Some researchers have tried to determine temporal
variations in structure (i.e., 4-D tomography). Examples are

the study of geothermal reservoir changes at The Geysers,
CA (Gunasekera et al., 2003), the investigation of tempo-
ral changes at Mammoth Mountain, CA, related to CO2 out-
gassing (Foulger et al., 2003; Julian and Foulger, 2010), and
the source area of a large earthquake (e.g., Lei et al., 2011).
But one should be very careful in 4-D tomography studies
that the data sets used for the different time periods should be
the same in order to detect the temporal variations in the 3-D
structure. Of course, a tomographic detection of any tempo-
ral variations in the 3-D structure is expected only for small
local areas with rapid crustal deformations, such as volcanic
eruptions and large earthquakes.
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