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Abstract Seismic anisotropy records past and present tectonic deformations and provides important
constraints for understanding the structure and dynamics of the Earth's interior. In this work, we use
tremendous amounts of high‐quality Pwave arrival times from local and regional earthquakes to determine
a high‐resolution tomographic model of 3‐D P wave azimuthal anisotropy down to 1,000‐km depth beneath
East Asia. Our results show that trench‐parallel fast‐velocity directions (FVDs) are visible in the shallow
portion of the subducting Pacific slab (<80 km), whereas the deeper portion of the Pacific slab mainly
exhibits trench‐normal FVDs, except for the stagnant slab in the mantle transition zone (MTZ) where
obvious NE‐SW FVDs are revealed. The FVDs in the subslab mantle change from a subduction‐parallel
trend at depths of 80–400 km to a subduction‐normal trend in the MTZ. Large‐scale low‐velocity anomalies
are revealed beneath the Philippine Sea plate where the FVD is NE‐SW. The FVDs along the Izu‐Bonin arc
and in a slab gap exhibit a striking anticlockwise toroidal trend. All these features may reflect complex 3‐D
flows in the mantle wedge due to tearing and dehydration processes of the subducting Pacific slab. The
subducting Pacific slab is split at ~300‐km depth under the Bonin arc and then penetrates into the lower
mantle, whereas under East Asia the Pacific slab becomes stagnant in the MTZ and reaches the North‐South
Gravity Lineament in China. The intraplate volcanoes in East Asia are caused by hot and wet upwelling
flows in the big mantle wedge above the stagnant Pacific slab.

1. Introduction

In the western Pacific and East Asia region, there exist strong interactions among the Pacific, Okhotsk,
Eurasian, and Philippine Sea plates, which have resulted in a very complex and unique geodynamic system
(Figure 1a). The western Pacific plate is actively subducting beneath the Okhotsk and Eurasian plates at a
rate of ~8–9 cm/yr along the Japan and Kuril trenches and meanwhile subducting beneath the Philippine
Sea plate at ~6 cm/yr along the Izu‐Bonin and Mariana trenches, whereas the Philippine Sea plate is des-
cending beneath the Eurasian plate at ~3–5 cm/yr along the Nankai Trough and the Ryukyu Trench
(Figure 1a; e.g., Seno et al., 1993; DeMets et al., 1994; Bird, 2003; Hayes et al., 2012). Major geological struc-
tures and tectonics of East Asia are generally controlled by the development of back‐arc extensional systems
and the strong interactions between the four lithospheric plates, causing intensive seismic and volcanic
activities, and continental lithosphere destruction and deformation. So far, many researchers have used seis-
mic tomography methods to study three‐dimensional (3‐D) isotropic velocity structures (e.g., Fukao &
Obayashi, 2013; Huang & Zhao, 2006; Koulakov, 2011; Lei & Zhao, 2005; Li & van der Hilst, 2010; Ma
et al., 2018; Tao et al., 2018; Tian et al., 2009; Zhao, 2004), azimuthal and radial anisotropies (e.g., Huang
et al., 2014; Ishise & Oda, 2005; Liu et al., 2013; Liu & Zhao, 2017; Niu et al., 2016; Wang et al., 2014;
Wang & Zhao, 2008; Wei et al., 2015), and attenuation structures (e.g., Liu et al., 2014; Liu & Zhao, 2015;
Wang, Zhao, Liu, Chen, & Li, 2017; Wang, Zhao, Liu, & Li, 2017) beneath East Asia, which have greatly
improved our understanding of the structure and dynamic evolution of this broad region.

As a characteristic feature of the Earth's interior structure, seismic anisotropy refers to the directional depen-
dence of seismic velocity and particle motion polarizations, which can provide important constraints on the
tectonic stress and deformation in the lithosphere and mantle to better understand the structure and
dynamic processes in the Earth (e.g., Becker et al., 2012; Fouch & Rondenay, 2006; Karato et al., 2008;
Long, 2013; Savage, 1999; Zhao et al., 2016). The major causes of seismic anisotropy are shape‐preferred
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Figure 1. (a) Amap showing the surface topography andmajor tectonic features of the study region. A color scale for the elevation is shown below themap. The red
sawtooth lines show major plate boundaries, and the white solid lines denote main block boundaries or large fault zones. The color contour lines show depths
to the upper boundaries of the subducting Pacific and Philippine Sea slabs with an interval of 20 km (Hayes et al., 2012), whose scale is shown below the map. The
white bold arrows indicate motion directions of the Pacific and Philippine Sea plates relative to the Eurasian plate. The short red lines show the fast directions
from the SKS splitting measurements in East Asia compiled by Wüstefeld et al. (2009). The length of the short red lines denotes the delay time of SKS splitting,
whose scale is shown in the lower right inset. The red triangles denote active volcanoes. NCC, the North China Craton; CDDB, the Chuandian Diamond Block.
(b) Age‐area distributions of oceanic crust at 140, 100, 70, 50, 20, and 0 Ma (modified fromMüller et al., 2016). The black sawtooth lines delineate subduction zones,
whereas the white lines indicate mid‐ocean ridges and transform faults. AUS, the Australian plate; C, the Cocos plate; CA, the Caribbean plate; CAT, the
Catequil plate; CHZ, the Chasca plate; CP, the Capricorn plate; EGD, East Gondwana; EUR, the Eurasian plate; FAR, the Farallon plate; HIK, the Hikurangi
Plateau; IND, the Indian plate; IPR, the Izanagi‐Pacific Ridge; IZA, the Izanagi plate; K, the Kula plate; M, the Manihiki Plateau; ML, the Proto‐Molucca Plate;
NAM, the North American plate; NAZ, the Nazca plate; NT, the Neo‐Tethys Ocean; P, the Philippine Sea plate; PAC, the Pacific plate; PHO, the Phoenix plate;
SOM, the Somali plate; SP, the Sepik plate; V, the Vancouver plate; and WMT, the West Meso‐Tethys Ocean.
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orientation (SPO) and lattice‐preferred orientation (LPO) of the Earth's interior materials (e.g., Becker, 2011;
Fouch & Rondenay, 2006). Seismic anisotropy in the lithosphere, especially in the upper crust, is mainly
caused by the SPO. The upper crust is dominated by brittle deformation, and its anisotropy is generally
caused by crack alignment that may be indicative of crustal stress (Crampin et al., 1984, Crampin &
Chastin, 2003). In the extensional tectonic regime, the fast velocity direction (FVD) of azimuthal anisotropy
is parallel to the direction of extension and normal to tectonic stress (e.g., Savage, 1999; Silver, 1996).
However, in the compressional tectonic regime, the FVD is usually parallel to strikes of active faults and
orogens (e.g., Nicolas, 1993; Savage, 1999; Silver, 1996; Silver & Chan, 1991). The SPO also plays a role in
shallow, extensional lithospheric domains, such as in mid‐ocean spreading centers, subduction zones, and
intracontinental rifts (e.g., Becker, 2011; Holtzman et al., 2003). Fouch and Rondenay (2006) suggested that
SPO is a local crustal phenomenon with less broad‐scale effect on most seismic anisotropy observations
beneath stable continental interiors with a thick lithosphere. Seismic anisotropy in the upper mantle is
induced mainly by the LPO of anisotropic mantle minerals, primarily olivine (e.g., Holtzman et al., 2003;
Karato & Wu, 1993; Mainprice & Silver, 1993; Nicolas & Christensen, 1987). In the deeper mantle, other
minerals may contribute to anisotropy, including wadsleyite in the mantle transition zone (MTZ), and per-
ovskite, post‐perovskite, and/or ferropericlase in the lowermost mantle (Long & Silver, 2008). The absolute
plate motion andmantle flow in subduction zones can result in alignment of olivine and other minerals, and
then the fast axis of crystals generally becomes parallel to the direction of the absolute plate motion and
mantle flow.

Shear wave splitting (SWS) refers to a phenomenon that an incident shear wave splits into two orthogonal
polarized shear waves with different velocities when passing through an anisotropic medium. Long‐period
core phases, such as SKS, SKKS, and PKS, are the most popular phases used in SWS studies to probe aniso-
tropic structure in the crust and upper mantle (e.g., Fouch & Rondenay, 2006; Long & Silver, 2008).
Measuring SWS has been an effective and popular tool to characterize seismic anisotropy in the Earth
(e.g., Eakin et al., 2015, 2016; Savage, 1999; Silver, 1996). So far, many researchers have used SWS methods
to study the anisotropy in East Asia (e.g., Chen et al., 2015; Chen, Niu, et al., 2017; Huang, Wang, et al., 2011;
Huang, Zhao, & Wang, 2011; Huang, Wang, et al., 2015; Zhao & Xue, 2010). However, SWS measurements
generally lack depth resolution because the observed splitting time just reflects an integrated effect along the
near‐vertical raypath to the surface, and so the interpretation of SWS results with regard to the mantle struc-
ture and dynamics is usually not unique. Fortunately, Pwave anisotropic tomography can well overcome the
drawback of SWS measurements, because the P wave method has a good vertical resolution and is able to
determine 3‐D variations of seismic anisotropy (e.g., Eberhart‐Phillips & Henderson, 2004; Ishise & Oda,
2005; Liu & Zhao, 2017; Tian & Zhao, 2012, 2013; Wang & Zhao, 2008, 2013; Zhao et al., 2016). Although
many studies have been made on seismic anisotropy in East Asia as mentioned above, most of the previous
results are limited to the upper mantle (< ~400‐km depth) due to the limited ray coverage in the deeper man-
tle in those studies. Hence, the fine‐scale 3‐D anisotropy structure of the entire lithosphere and mantle
beneath East Asia has not been investigated yet, which undoubtedly hinders our understanding of the man-
tle structure and dynamic processes of this region.

In this study, we determine high‐resolution 3‐D isotropic and anisotropic velocity images of the crust and
mantle down to 1,000‐km depth beneath the western Pacific and East Asian region. We have used a large
number of high‐quality P wave arrival time data from many local and regional earthquakes compiled by
the International Seismological Center (ISC), the Japanese Kiban Seismic Network, and the China
Earthquake Data Center. Our robust results have a high enough resolution in the lithosphere, astheno-
sphere,MTZ, and the uppermost lowermantle, which shed important new light on the detailedmantle struc-
ture, the fate of the subducting slabs and their effects on the intraplate seismicity, Cenozoic volcanism, and
continental deformation in East Asia. Hence, the present results will improve our understanding of the 3‐D
seismic structure, tectonic evolution, and active subduction dynamics of the western Pacific tectonic domain.

2. Data and Method
2.1. Data

We used three sets of high‐quality P wave arrival time data, including the ISC data from January 1980 to
December 2013 (http://www.isc.ac.uk), the Japanese Kiban Seismic Network data from June 2002 to
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December 2016 (http://www.hinet.bosai.go.jp), and the China Earthquake Data Center data from January
1990 to March 2016 (http://data.earthquake.cn). Before combining the three data sets, we first eliminated
those overlapping and inconsistent events, because sometimes the arrival time data from the same event
to the same stations are considerably different in different databases. For the events that are located in main-
land China and were not reported by ISC, we used their hypocentral parameters determined by the Chinese
seismic networks. Then we selected the final events for tomographic inversion in this study with the follow-
ing criteria: (a) Each event was recorded at more than 10 seismic stations; (b) the earthquake magnitude is
greater thanM 3.0; (c) the study volume is divided into 0.1° × 0.1° × 5‐km blocks and only one earthquake is
selected in each block, which has the maximum number of P wave arrivals and the minimum location
uncertainty; (d) the absolute value of the traveltime residual is smaller than 5.0 s (the traveltime residual
is obtained by subtracting the theoretical traveltime from the observed travel time, and the theoretical
traveltime is calculated for the IASP91 model; Kennett & Engdahl, 1991; Figures S1a–S1c in the supporting
information). We carefully processed a huge amount of data, and our final data set contains a total of
1,868,800 P wave arrival times of 84,777 local and regional earthquakes recorded at more than 3,000 seismic
stations in the study region (Figures 2 and 3). These data are inverted for 3‐D Pwave velocity (Vp) image and
anisotropic structure beneath the study region. The traveltime residuals are reduced significantly after the
tomographic inversion (Figures S1c, S1d, S1g, and S1h). About 41.5% of the data have epicentral distances
of 18° to 50° with takeoff angles of 17°–70° (Figures S1e and S1ef). Hence, many Pwave rays penetrate deeply
in the mantle and can well constrain the structure of the MTZ and uppermost lower mantle.

Comparing with many previous studies (e.g., Huang et al., 2014; Huang & Zhao, 2006; Koulakov, 2011; Li &
van der Hilst, 2010; Wei et al., 2012, 2016), we have usedmuchmore seismic stations in mainland China and
a greater number of seismic events (Figures 2 and 3), in particular, many deep earthquakes with a large

Figure 2. Distribution of the over 3,000 seismic stations (blue squares) used in this study. The colors denote the half‐
spreading rate of ocean floor from Müller, Sdrolias, Gaina, and Roest (2008), whose scale is shown in the upper left
inset. The red triangles denote active intraplate volcanoes.
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number of arrival time data, which can greatly improve the ray coverage in the study volume and so lead to a
higher‐resolution and more robust tomographic model.

2.2. Method

We use the method of azimuthal anisotropy tomography (Wang & Zhao, 2008, 2013) to invert the P
wave arrival times of local and regional earthquakes for 3‐D isotropic Vp and P wave azimuthal
anisotropic structures of the study volume that is in a latitude range of 10°–60°N, longitude range of
90°–160°E, and a depth range of 0–1,000 km. In a weak anisotropic medium with a horizontal hexago-
nal symmetry axis, Pn wave slowness can be approximately expressed as a function of the azimuth of P
wave propagation (ϕ; e.g., Backus, 1965; Raitt et al., 1969; Hearn, 1996; Eberhart‐Phillips & Henderson,
2004):

S ɸð Þ ¼ S0 1þ A cos 2ɸþ B sin 2ɸð Þ (1)

where S is the total slowness, S0 is the azimuthal average slowness, A and B are two azimuthal anisotropy
parameters, and ϕ is the raypath azimuth.

Eberhart‐Phillips and Henderson (2004) modified equation (1) to the following equation to adapt to general
P wave rays with any incident angle i:

S ɸð Þ ¼ S0 1− cos2i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p
þ sin2i A cos 2ɸþ B sin 2ɸð Þ

h i
(2)

Thus, traveltime residual rij from the jth event to the ith station can be written as

Figure 3. Distribution of the 84,777 local and regional earthquakes (color dots) used in this study. The colors denote the
focal depths whose scale is shown at the lower right corner. The blue triangles denote active intraplate volcanoes.
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rij ¼ Tobs
ij −Tcal

ij

¼ ∂T
∂φ

� �
ij
Δφj þ

∂T
∂λ

� �
ij
Δλj þ ∂T

∂h

� �
ij
Δhj þ ΔT0j þ∑k

∂T
∂Vk

ΔVk þ∑l
∂T
∂Al

ΔAl þ ∂T
∂Bl

ΔBl

� �
þ Eij (3)

where Tij
cal is the theoretical traveltime; φj, λj, hj, and Toj are latitude, longitude, focal depth, and origin time

of the jth event; Vk is isotropic velocity at the kth node of the 3‐D isotropic grid arranged in the study volume;
Al and Bl are anisotropic parameters at the lth node of the 3‐D anisotropic grid arranged in the study volume;
and Eij is higher‐order terms and errors of the data.

The observation equation (3) relates an observed traveltime residual to the 3‐D isotropic and anisotropic Vp
parameters, as well as hypocentral parameters. ∂T/∂φ, ∂T/∂λ, and ∂T/∂h are partial derivatives of traveltime
with respect to the hypocentral parameters (for details, see Engdahl & Lee, 1976), and dT/dV is partial deri-
vatives of traveltime with respect to the velocity at each isotropic grid node (Thurber, 1983):

∂T
∂V

¼ −
d

V2 (4)

where d is length of a ray segment.

∂T/∂A and ∂T/∂B are partial derivatives of traveltime with respect to A and B at each anisotropic grid node
(e.g., Eberhart‐Phillips & Henderson, 2004; Wang & Zhao, 2008):

∂T
∂A

¼ d
V
· − cos2i ·

Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p þ sin2i · cos2ɸ
� �

(5)

∂T
∂B

¼ d
V
· − cos2i ·

Bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p þ sin2i · sin2ɸ
� �

(6)

We set up two 3‐D grid nets in the study volume with a grid interval of 1.0° in the longitude and latitude direc-
tions and at depths of 10, 25, 50, 80, 160, 240, 320, 400, 480, 560, 640, 720, 800, 900, and 1,000 km. One grid net
is adopted to express the 3‐D isotropic Vp structure, and the other grid net is adopted to express the 3‐D ani-
sotropic Vp structure. A modified IASP91 velocity model (Kennett & Engdahl, 1991, Figure S2) is adopted as
the 1‐D starting Vp model for the mantle, and traveltimes in the crust are corrected using the CRUST1.0
model (Laske et al., 2013). Perturbations of the isotropic and anisotropic Vp parameters at the 3‐D grid nodes
are taken as unknown parameters. The perturbation at any point in the model is calculated by trilinearly
interpolating the perturbations at the eight grid nodes surrounding that point. For example, Vk, Al, and Bl
are defined at (φ, λ, h), and F(φ, λ, h) is calculated by using a linear interpolation function as follows:

F φ; λ; hð Þ ¼ ∑2
i¼1∑

2
j¼1∑

2
k¼1F φi; λj; hk

� �
1−

φ−φi

φ2−φ1

����
����

� �
1−

λ−λj
λ2−λ1

����
����

� �
1−

h−hk
h2−h1

����
����

� �� 	
(7)

where φi, λj, and hk represent the coordinates of the eight grid nodes surrounding the point (φ, λ, h). We use
the robust and efficient 3‐D ray‐tracing technique of Zhao et al. (1992) in a spherical Earth that combines the
pseudobending algorithm (Um& Thurber, 1987) and Snell's law to compute theoretical traveltimes and ray-
paths. The station elevations and surface topography are also taken into account in the 3‐D ray tracing. The
calculated traveltimes are further corrected for the Earth's ellipticity following Kennett and Gudmundsson
(1996).

We used the iterative conjugate‐gradient Least Squares Minimal Residual (LSMR) algorithm, which is based
on the Golub‐Kahan bidiagonalization process and can converge faster and safer than the commonly used
LSQR algorithm (Fong & Saunders, 2011; Paige & Saunders, 1982), with norm damping λ and gradient
damping μ (for smoothing) to solve the large and sparse system of observation equation (3) by minimizing
(e.g., Wei et al., 2016)

G · m−dk k2 þ λ2 mk k2 þ μ2 L · mk k2 (8)

where the model vector m represents perturbations to the hypocentral parameters, as well as isotropic Vp
parameter (ΔV) and anisotropic parameters (ΔA, ΔB), and the data vector d represents raw residuals (rij)
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between observed and predicted traveltimes for local and regional events; G is the partial‐derivative matrix
composed of partial differential coefficients that links up the vector m and d, sampled by the seismic ray
paths. To overcome the highly ill‐conditioned and instability problems during tomographic inversion, we
have to invoke some regularization methods on the ill‐conditioned system with additional constraints, such
as damping and smoothing regularizations. In equation (8), the second term is the magnitude of model vec-
tor itself with a damping factor λ to suppress the overreaction of the model norm; the third term represents
the smoothing constraint, where L is 3‐D finite difference approximation to the Laplacian operator applied
over all model grid nodes in our present study (Lees & Crosson, 1989; Shearer, 2009) in charge of the rough-
ness over the model space, and the coefficient μ is a factor to control the level. Each row of L is given by the
difference between the target grid node and the weighted average of the adjacent nodes. For example, in the
3‐D model the Laplacian operator is expressed as following formula for the (i, j, k) grid node:

ΔVi;j;k−SVv ΔVi;j;k−1 þ ΔVi;j;kþ1
� �

−SVh ΔVi−1;j;k þ ΔViþ1;j;k þ ΔVi;j−1;k þ ΔVi;jþ1;k
� � ¼ 0

ΔAi;j;k−SAv ΔAi;j;k−1 þ ΔAi;j;kþ1
� �

−SAh ΔAi−1;j;k þ ΔAiþ1;j;k þ ΔAi;j−1;k þ ΔAi;jþ1;k
� � ¼ 0

ΔBi;j;k−SBv ΔBi;j;k−1 þ ΔBi;j;kþ1
� �

−SBh ΔBi−1;j;k þ ΔBiþ1;j;k þ ΔBi;j−1;k þ ΔBi;jþ1;k
� � ¼ 0

8><
>: (9)

where SVv and SVh, SAv (= SBv) and SAh (= SBh) are the vertical and horizontal smoothing parameters for the
isotropic Vp and anisotropy, respectively.

We first searched for the optimal value of the damping parameter on the basis of the tradeoff curve between
the norm of the tomographic solution and the final root‐mean‐square (RMS) traveltime residual by an exten-
sive series of inversions. Then we selected the optimal value of the smoothing parameters with the same
approach. We found that the best damping parameter is λ = 10.0 and μ = 40.0, and the best vertical and hor-
izontal smoothing parameters are SVv = 0.0005 and SVh = 0.0002, and SAv = SBv = 0.0003 and SAh = SBh =
0.0001 for the present data set andmodel parameterization, which lead to the balance between the reduction
of the RMS traveltime residual and the smoothness of the final 3‐D Vp model (Figure S3).

When the anisotropic parameters A and B are finally determined, the FVD ψ and the amplitude α of Vp azi-
muthal anisotropy can be expressed as follows (Wang & Zhao, 2008):

ψ A;Bð Þ ¼

1
2
· tan−1 B

A

� �
þ

π
2
;A>0

0;A<0

8<
:

−
π
4
;B>0

π
4
;B<0

9>=
>;;A ¼ 0

8>>>>>>>><
>>>>>>>>:

(10)

α A;Bð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p

1− A2 þ B2ð Þ×100% (11)

3. Analysis and Results
3.1. Seismic Ray Coverage

Figure S4 shows the distribution of hit counts (number of rays passing around each grid node in the model)
at every grid node in 14 depth layers. A large number of rays sample the upper mantle, MTZ and uppermost
lower mantle beneath the subduction zones, for example, the Japan Islands, Kuril, Izu‐Bonin, Ryukyu, and
the Japan Sea, indicating that the seismic structure there can be well recovered. The hit counts are generally
>1,000 at 25–800‐km depths (Figures S4a–S4l), because shallow and deep earthquakes actively occurred
there and over 2,000 evenly distributed stations are located on the Japan Islands. Beneath northeast, north,
and south China, the hit counts at these depths usually range from 100 to 10,000. At the shallow depths (i.e.,
25, 50, 80, 160, and 240 km), eastern China is well covered by seismic rays and the hit counts are generally
100–1,000 (Figures S4a–S4e). At the greater depths (i.e., 320, 400, 480, 560, 640, 720, and 800 km), the hit
counts are mostly >1,000 (Figures S4f–S4l), which mainly benefits from the dense network of permanent
seismic stations in eastern China and the regional earthquakes with epicentral distances of 20°–50°, and
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those rays penetrate deeply in the mantle and well constrain the structure of the MTZ and uppermost lower
mantle. In the other regions, such as Mongolia and Russia except for the areas of Lake Baikal, the hit counts
are mostly < 1,000 (Figures S4a–S4d) at the shallow depths due to the lack of earthquakes and stations,
whereas as depth increases, these regions are better sampled by the rays and the hit counts are generally
>1,000. In the tomographic inversion scheme (Zhao et al., 1992, 1994), if the hit count at a grid node is
<20, the grid node is taken away from the final inversion so that a robust 3‐D Vp model can be obtained.
As a whole, the ray coverage is very good in most of the study volume, enabling us to well resolve the 3‐D
isotropic and anisotropic Vp structures there.

3.2. Checkerboard Resolution Tests

To evaluate the resolution and robustness of the obtained tomographic model with our data set, we carried
out checkerboard resolution test (CRT) before describing themain features of the tomographic results. In the
input models of CRT for Vp isotropic and azimuthal anisotropy models, we first alternately assigned positive
and negative Vp anomalies of 2% to the 3‐D grid nodes of the isotropic grid net, and we assigned anomalies of
±2% to the anisotropic parameters A and B at the grid nodes of the anisotropic grid net, which represent the
FVDs at two adjacent grid nodes perpendicular to each other (22.5° and 112.5°) with an anisotropic ampli-
tude of ~2.8%. Then we calculated synthetic data for the input checkerboard model, which are then inverted
to obtain a recovered image of the checkerboard model. The numbers of seismic stations, events, raypaths,
and the 1‐D velocity model in the synthetic data are the same as those in the observed data. Random noise
(−0.2 to +0.2 s) with a Gaussian distribution in a standard deviation of 0.1 s is added to the synthetic data for
simulating the picking errors in the observed data. We used the same inversion algorithm and parameters as
for the observed data to invert the synthetic data.

Figures 4 and 5 show the recovered CRT results for the isotropic Vp and Pwave azimuthal anisotropy with a
lateral grid interval of 1.0° at 14 depth layers. The optimal grid interval (1.0°) is found by comparing many
CRT results with different grid intervals in the horizontal direction. As a whole, the input Vp anomalies are
well recovered under most parts of our study region, including eastern China, the Korean Peninsula, the
Japan Sea, and the Japan Islands, whereas the checkerboard pattern is recovered less well in the
Philippine Sea at the shallow depths (Figures 4a–4d) and poorly recovered in the Pacific Ocean
(Figures 4a–4l) because of the lack of seismic stations and local earthquakes there, which is also consistent
with the distribution of ray coverage (Figure S4). Compared to the isotropic Vp tomography, a much better
azimuthal coverage of rays is required to resolve the anisotropic Vp structure. We adopt the parameter R to
evaluate the degree of recovery for Vp azimuthal anisotropy (Huang & Zhao, 2013):

R ¼ α
α0

· cos ψ−ψ0ð Þj j (12)

where (α0, ψ0) and (α, ψ) are the input and recovered anisotropic parameters, respectively. When both α and
ψ are completely recovered, R equals 1; by contrast, when the recovered amplitude α is 0 or the recovered ψ is
perpendicular to the input ψ0, R equals 0. We consider that Vp azimuthal anisotropy is well recovered when
R is ≥0.5 at the corresponding grid nodes. Figure 5 shows that the input checkerboard pattern of Vp aniso-
tropy is well recovered under most parts of the study region, except for the area to the west of the North‐
South Gravity Lineament (NSGL; Figures 5a–5f), the Philippine Sea (Figures 5a–5d), and the Pacific
Ocean (Figures 5a–5l) where the azimuthal ray coverage is not good due to low seismicity and few seismic
stations. In the following, we focus on the areas where the tomographic resolution is good.

3.3. Tomographic Results

Figure 6 shows plan views of 3‐D Vp azimuthal anisotropy together with isotropic Vp variation at 14 layers
down to 1,000‐km depth under the study region. The most significant features of the upper mantle images
are continuous high‐velocity (high‐V) anomalies spreading westward far behind the oceanic trenches, which
reflect the subducting Pacific and Philippine Sea slabs. Intermediate‐depth and deep earthquakes occurred
actively in the high‐V subducting slabs. In the Izu‐Bonin region, the subducting Pacific slab is split at ~35°
north latitude in the upper mantle. The southern Pacific slab is directly penetrating into the lower mantle
with associated deep seismicity (e.g., Fukao et al., 2001; Obayashi et al., 2009; Zhao et al., 2017), whereas
the northern Pacific slab becomes horizontal and stagnant in the MTZ in good coincidence with the
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Figure 4. Map views showing results of a checkerboard resolution test with a lateral grid interval of 1° in the longitudinal and latitudinal directions. The layer depth
is shown in the upper left inset. The solid and open circles denote negative and positive velocity perturbations (%), respectively, whose scale is shown at
the lower right corner. The red dashed lines show the upper boundaries of the subducting Pacific and Philippine Sea slabs at each depth. The red solid lines denote
the main tectonic boundaries or large fault zones.
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Figure 5. Map views showing results of a checkerboard resolution test for P wave azimuthal anisotropy tomography with a lateral grid interval of 1° in the long-
itudinal and latitudinal directions. The layer depth is shown in the upper left inset. The thin black bars show the FVDs in the input model, whereas the thick blue
bars denote the FVDs recovered after the tomographic inversion. The orientation and length of the bars represent the FVD and the anisotropic amplitude,
respectively. The scale for the anisotropic amplitude is shown at the lower right corner. The gray color denotes the degree of recovery (R) of the P wave anisotropy
(see text for details), whose scale is shown at the lower right corner. The other labeling is the same as that in Figure 4.

10.1029/2019GC008373Geochemistry, Geophysics, Geosystems

MA ET AL. 3637



Figure 6. Map views of isotropic Vp and azimuthal anisotropy results. The layer depth is shown in the upper left inset. The red and blue colors denote low and high
isotropicVp perturbations, respectively. The orientation and length of the short black bars represent the FVD and the anisotropic amplitude, respectively. The scales
for the isotropic Vp perturbation (in %) and anisotropic magnitude are shown at the lower right corner. The red dashed lines show the upper boundaries of the
subducting Pacific and Philippine Sea slabs at each depth. The red solid line denotes the NSGL. The white lines denote the main tectonic boundaries or large fault
zones. The red triangles denote active intraplate volcanoes.
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NSGL in east China. Under the Nankai and Ryukyu arcs, the subducting Philippine Sea slab is also visible as
a high‐V zone with intermediate‐depth earthquakes occurring down to ~250‐km depth. However, the sub-
ducting Philippine Sea slab is young and has a thickness of ~50 km or less, and the obtained slab images
may suffer strong smearing effect from the subslab low‐velocity (low‐V) anomalies. In the Ryukyu arc, there
exist much fewer seismic stations and less deep seismicity than those in the Japan Islands. Hence, the
Philippine Sea slab is less well imaged as the Pacific slab.

Beneath the Philippine Sea, large‐scale and strong low‐V anomalies are revealed at depths of 50 to 800 km,
which may be associated with the Kyushu‐Palau Ridge (Seno et al., 1993) in the crust and the shallow upper
mantle, and the dehydration and tearing processes of the subducting Pacific slab in the deep mantle. Clear
low‐V anomalies are also imaged at depths of 160 to 800 km under the subducting Pacific slab in the Izu‐
Bonin and Japan arcs, which should be closely related to the Pacific plate deep subduction and complex cor-
ner flows in the Pacific subslab mantle. In the crust and upper mantle, significant low‐V anomalies also exist
broadly under the Japan Islands, west Pacific marginal seas, and east China, and with the increasing depth
the low‐V zones extend gradually toward the NSGL downward to a depth of ~400 km. At depths of 480–640
km, broad high‐V anomalies are visible under eastern China, which is consistent with the suggestion about
the existence of the stagnant Pacific slab in the MTZ under East China (e.g., Fukao et al., 2001; Huang &
Zhao, 2006; Wei et al., 2012; Zhao, 2004). It is remarkable that the north‐south extent of the stagnant
Pacific slab in the MTZ is far greater than that of the Japan trench, suggesting that before the tearing of
the Pacific slab beneath the Izu‐Bonin arc, there ever existed a link between the stagnant Pacific slab under
south China and the subducting Pacific slab under the Izu‐Bonin arc. Prominent high‐V anomalies appear in
the lower mantle under the stagnant Pacific slab beneath East China, which might be pieces of the
Izanagi/Pacific slab or ancient continental lithosphere collapsing down to the lower mantle (e.g.,
Zhao, 2004).

As suggested by Maggi et al. (2006), it is difficult to compare the anisotropic amplitudes among different
models due to strong effects of the damping and smoothing regularizations adopted in the different tomo-
graphic inversion schemes. Therefore, in the following we mainly focus our discussion on the FVD depth
variations of Vp azimuthal anisotropy in the study region. The most important feature of Figure 6 is that
the FVDs in the Pacific subslab mantle beneath the Japan Arc show striking variations from the upper man-
tle down to the lower mantle. The FVDs seem to rotate ~90° in the MTZ under the subducting Pacific slab,
that is, from the subduction‐parallel trend in the upper mantle to the subduction‐normal trend in the MTZ
and uppermost lower mantle. The subducting Pacific slab mainly exhibits trench‐parallel FVDs at 25–80‐km
depths, whereas trench‐normal FVDs are generally revealed at 160–400‐km depths, and at 480‐km depth the
FVDs change abruptly to NE‐SW (trench parallel), which may be caused by multiple metamorphism of the
subducting Pacific slab as it continuously descends into the deep mantle, and strong internal deformation of
the stagnant slab in the MTZ (e.g., Wei et al., 2015). Beneath the Philippine Sea plate and the Izu‐Bonin
region, complex FVDs appear at 25–800‐km depths. The FVDs tend to become nearly E‐W at 25–160‐km
depths between the Nankai and Izu‐Bonin trenches (Figures 6a–6d), whereas in the deeper areas under most
parts of the Philippine Sea plate, the FVDs change to nearly NE‐SW at 160–320‐km depths. There exists an
obvious slab gap at the Japan and Izu‐Bonin slab junction in the upper mantle andMTZ, and the FVDs along
the Izu‐Bonin arc and the slab gap exhibit an anticlockwise toroidal trend at 240–640‐km depths, which
probably reflects corner flow in the mantle wedge due to the tearing and dehydration of the subducting
Pacific slab beneath the Izu‐Bonin arc. Although the FVDs in the subducting Philippine Sea slab are less well
determined as those in the subducting Pacific slab, they exhibit mainly a trench‐parallel trend, which is con-
sistent with the spreading direction of the west Philippine basin during its initial opening stage and may
reflect frozen‐in LPO of aligned anisotropic minerals formed at the mid‐ocean ridge and SPO such as normal
faults produced at the outer‐rise area near the trench axis (e.g., Liu & Zhao, 2017).

3.4. Restoring Resolution Tests

We also conducted restoring resolution tests (RRTs; Zhao et al., 1992; Wang & Zhao, 2008) to further eval-
uate the reliability and robustness of the dominant features in the obtained 3‐D Vp isotropic and anisotropic
model. The input model of the RRT is constructed based on the obtained tomographic results, which
includes the pattern of Vp anisotropy, that is, the subduction‐parallel FVDs in the upper mantle and
subduction‐normal FVDs in the MTZ and uppermost lower mantle under the Pacific slab beneath the
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Japan arc, the anticlockwise toroidal FVDs beneath the Izu‐Bonin arc and the Philippine Sea plate, and the
significant isotropic Vp features, that is, the subducting Pacific slab and hot upwelling flows in the mantle
wedge. To perform the RRTs, we adopted the same calculation method for the synthetic traveltimes and
the same inversion scheme as those for the CRTs.

Three synthetic tests are performed in this study. In the first synthetic test (Figure S5), we used the synthetic
Pwave data generated for the obtained isotropic Vp anomalies and azimuthal anisotropy in the input model
to invert for both the isotropic Vp variation and azimuthal anisotropy. The second test (Figure S6) is similar
to the first one, but the azimuthal anisotropy perturbations are assumed to be zero in the input model, which
is used to invert only for the isotropic Vp variation. The third test (Figure S7) is also similar to the first one,
but the isotropic Vp perturbations are assumed to be zero in the input model, which is used to invert for both
the isotropic Vp variation and azimuthal anisotropy. In all the three tests, Gaussian noise with a standard
deviation of 0.1 s is added to the theoretical arrival times before the tomographic inversion. The RRT results
(Figures S5–S7) show that both the isotropic and anisotropic Vp structures are recovered very well, though
there exist slight differences in the amplitude of Vp anomalies due to the uneven ray coverage or fewer rays
passing through those parts. Hence, we believe that the velocity heterogeneity and azimuthal anisotropy can
be well recovered with little tradeoff by our data set and tomographic method.

4. Discussion
4.1. Depth‐Varying Azimuthal Anisotropy

The Japan Islands are the best place to study subduction dynamics in the world because of the high level of
seismicity and availability of the dense and high‐sensitivity seismic networks there (see Zhao, 2015, for a
detailed review). Our knowledge of seismic azimuthal anisotropy in the Japan subduction zone first came
from the SWS measurements (e.g., Ando et al., 1983; Anglin & Fouch, 2005; Hiramatsu et al., 1997;
Huang, Zhao, & Wang, 2011; Long, 2013; Nakajima et al., 2006; Okada et al., 1995; Savage et al., 2016;
Tono et al., 2009; Wirth & Long, 2010). These SWS results show that the FVD is generally trench parallel
in the fore‐arc area, while it turns abruptly to be trench‐normal in the back‐arc area. However, this SWS
technique lacks depth resolution and so it is very difficult for us to distinguish the fine anisotropic structures
in the crust, mantle wedge, and subducting Pacific slab beneath the Japan arc. The anisotropic tomography
methods (e.g., Wang & Zhao, 2008, 2013; Liu & Zhao, 2016a; Liu & Zhao, 2017) can overcome the shortcom-
ing of the SWSmethod, and many researchers have used the tomographic methods to investigate the 3‐D Vp
azimuthal anisotropic structure of the Japan subduction zone in the past decade (e.g., Ishise & Oda, 2005;
Wang & Zhao, 2008, 2013; Wei et al., 2015; Huang, Zhao, & Liu, 2015; Liu & Zhao, 2016a; Liu & Zhao,
2017; Niu et al., 2016). Most of these results show that the subducting Pacific slab exhibits mainly trench‐
parallel FVDs beneath the Japan arc, whereas both the mantle wedge and subslab mantle exhibit trench‐
normal FVDs. Although these previous studies have improved our understanding of seismic anisotropy,
structural heterogeneity, 3‐D mantle flow pattern, and subduction dynamics of the Japan subduction zone,
they are generally limited to the shallow mantle (<400‐km depth), and so deep mantle anisotropic features
and their tectonic implications still remain poorly constrained, especially for the subslab mantle at depths of
200–800 km and the stagnant slab in the MTZ. Our high‐resolution results reveal the fine‐scale isotropic and
anisotropic structures of the entire Japan subduction zone down to 1,000‐km depth (Figure 6). Because
many features of our results are consistent with those of the above mentioned previous results, in the follow-
ing we mainly discuss and interpret the new features revealed by the present work.

Our results (Figures 6 and 7) show significant FVD variations in the low‐V subslabmantle beneath the Japan
arc, from the subduction‐parallel trend at depths of 160–400 km (Figures 6d–6g) to the subduction‐normal
trend in the MTZ and uppermost lower mantle (Figure 7). The subslab low‐V anomalies exhibit a sheet‐like
zone subparallel to the Pacific slab at depths of ~100–900 km (e.g., Huang & Zhao, 2006; Wei et al., 2012,
2015). Recent numerical simulations suggest that significant volumes of oceanic asthenosphere materials
can recycle back into the deep mantle along with the subducting slab, and even reach as deep as the lower
mantle (Liu & Zhou, 2015), a prominent feature consistent with our tomographic results (Figures 6 and
7a–7c). However, the detailed anisotropic features of the subslab mantle under subduction zones remain
to be a controversial issue. The SWSmeasurements show roughly trench‐parallel splitting directions existing
in the subslab mantle beneath the Japan Trench (e.g., Lynner & Long, 2014a, 2014b; Tono et al., 2009),
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Figure 7. (a–c) Vertical cross sections of isotropicVp images along three profiles (black lines) shown in (d). (a′–c′) Vertical
cross sections showing the distribution of P wave FVDs along the three profiles shown in (d). The surface topography is
shown above each cross section. The scales for the isotropic Vp perturbation (in %) and FVD are shown below the
cross sections. The orientation and length of the short black lines denote the azimuth and amplitude of the FVD, that is,
vertical lines denote the N‐S FVD, whereas horizontal lines denote the E‐WFVD. The two dashed lines represent the 410‐
and 660‐km discontinuities. White dots denote the seismicity that occurred within a 40‐km width of each profile. (d–g)
Map views of Vp isotropic and azimuthal anisotropy images in and around Japan at depths of 400, 480, 560, and 640 km.
The white double arrows denote the dominant FVDs in different areas. The other labeling is the same as that in Figure 6.
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whereas trench‐normal FVDs down to 400‐km depth have been revealed clearly by Vp azimuthal anisotropy
tomography (e.g., Wei et al., 2015; see Liu & Zhao, 2016a, for detailed discussions). On the basis of our pre-
sent results (Figure 6), we propose a qualitative dynamic model (Figures 8a–8b) to interpret the depth‐
varying seismic anisotropy as shown in Figure 7. The local small‐scale anisotropic variations are not consid-
ered in our dynamic model due to the limited resolution of our Vp anisotropic tomography. The subducting
Pacific slab entrains a thick layer of subslab mantle material downward to the 410‐km discontinuity result-
ing in entrained 2‐D subslab mantle flow, inside which the finite‐strain orientations align generally with the
plate motion and slab dip caused by the gravitational, pressure or temperature gradients, while A‐, C‐, or E‐
type olivine fabrics dominate in the subslab mantle (Lynner & Long, 2014b) to produce the subduction‐
parallel FVDs in the upper mantle. The MTZ is located between the upper mantle and the lower mantle,
where two major seismic discontinuities occur: one at 410 km and the other at 660 km. It is widely believed
that the two discontinuities are generally consistent with isochemical phase transitions in the (Mg, Fe)2SiO4

olivine system: olivine to wadsleyite (~14 GPa; ~410‐km depth), and ringwoodite to perovskite and ferroper-
iclase (~23 GPa; ~660‐km depth; e.g., Ringwood, 1975; Jeanloz & Thompson, 1983; Ito & Takahashi, 1989;
Ita & Stixrude, 1992; Christensen, 1995). As shown in Figures 6g–6j and 7, the most significant feature is
the FVD variations inside the subslab mantle, with the subduction‐parallel FVDs in the upper mantle and
the subduction‐normal FVDs in the MTZ. The LPO of wadsleyite is regarded as a key factor to cause the
MTZ anisotropy because only wadsleyite can produce detectable seismic anisotropy among major minerals
in the MTZ (e.g., Karato, 2008; Mainprice, 2007). As the other dominant minerals in the MTZ, ringwoodite
and majoritic garnet have only marginal effect on the MTZ seismic anisotropy at the transition zone pres-
sures, because these minerals show elastic anisotropies that are much weaker than that of wadsleyite.
Laboratory experiments show that polarization seismic anisotropy observed in the MTZ might be attributed
to the preferred orientation of wadsleyite caused by horizontal mantle flow (Kawazoe et al., 2013). Hence, we
think that the subslab mantle is sufficiently decoupled from the subducting Pacific slab in the MTZ and
uppermost lower mantle to enable approximate 2‐D subslab mantle flow directly beneath the slab in the
MTZ due to huge resistance resulting from the positive buoyancy effect rendered by mineral phase changes
and viscosity jump at the 660‐km discontinuity, resulting in predominant subduction‐normal
FVDs (Figure 8b).

Figure 8. Schematic illustrations of (a) an across‐arc vertical cross section of the subducting Pacific slab under Japan,
(b) dominant FVDs and flow directions in the subslab mantle induced by the subducting Pacific slab, and (c) dominant
FVDs inside the subducting Pacific slab.
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Liu and Zhao (2016b) determined a high‐resolution model of S wave azimuthal anisotropy tomography of
the Japan subduction zone using a large number of high‐quality amplitude and phase data of teleseismic
fundamental‐mode Rayleigh waves at periods of 20–150 s. Their model shows the subducting Pacific slab
as a dipping high‐V zone with significant trench‐parallel FVDs. Our present results of Vp azimuthal aniso-
tropy reveal a dramatic FVD variation in the high‐V subducting Pacific slab beneath Japan, from a trench‐
parallel trend (NE‐SW direction) at depths of 25–80 km (Figures 6a–6c) to an almost trench‐normal trend
(NW‐SE direction) in the lower part of the upper mantle (Figures 6d–6g), whereas visible trench‐parallel
FVDs are revealed in the hinge part of the stagnant Pacific slab in the MTZ (Figures 6h–6j). The strong
trench‐parallel FVD in the shallow part of the subducting Pacific slab mainly reflects one or more of the
following possibilities: (1) Fossil frozen‐in LPO of aligned anisotropic minerals formed at the mid‐ocean
ridge (e.g., Ishise & Oda, 2005; Liu & Zhao, 2016a; Liu & Zhao, 2017; Tian & Zhao, 2012; Wang & Zhao,
2008, 2013; Wei et al., 2015), (2) SPO in the subducting slab such as normal faults produced at the outer‐rise
area near the trench axis due to slab bending (e.g., Faccenda et al., 2008; Kobayashi et al., 1998; Masson,
1991), and (3) B‐type olivine fabric formed in the old slab through high‐stress slab bending in the trench
region (e.g., Eberhart‐Phillips & Reyners, 2009; Wang & Zhao, 2013). In the deeper portion of the subducting
Pacific slab (~160–400‐km depths), however, the FVDs are totally different, being trench normal. The SWS
measurements (Tono et al., 2009) suggest that the fossil seafloor spreading anisotropy frozen in the Pacific
plate can be preserved to depths greater than 400 km inside the subducting slab during its downward jour-
ney. However, our present results do not support this suggestion. It has been widely accepted that subduct-
ing lithospheric plates undergo metamorphism and deformation as they descend into the mantle, which can
result in profound changes in mineralogy, structure, rheology, and fluid content of the subducting slabs. As
the slab continuously descends (>100‐km depth), most of the water stored in hydrous minerals is progres-
sively removed. Once the slab has dehydrated, further metamorphic reactions and recrystallization will
obliterate any dehydration‐induced crack damage and the seismic anisotropy in the slab will be dominated
by the LPO of anhydrous minerals alone, which can result in the trench‐normal FVD in the deep portion of
the subducting slab, because the finite strain orientations align generally with the Pacific plate motion and
the subducting slab dip under the deep mantle temperatures and pressures. The above mentioned mechan-
ism can well explain the depth‐varying azimuthal anisotropy in the subducting Pacific slab (<400‐km
depth), from the nearly trench‐normal FVD to the trench‐parallel FVD.

Although it is well known that the Pacific slab becomes horizontal and stagnant in the MTZ beneath East
Asia (e.g., Bijwaard et al., 1998; Fukao & Obayashi, 2013; Huang & Zhao, 2006; Li & van der Hilst, 2010;
Liu et al., 2017; Ma et al., 2018; Wei et al., 2012, 2015; Zhao, 2004), seismic anisotropy of the stagnant slab
in the MTZ is still not well understood. Seismic investigations for azimuthal anisotropy in the MTZ, how-
ever, are quite difficult because long‐wavelength surface waves have limited spatial sensitivity at the MTZ
depths and teleseismic body waves have a very low depth resolution. Thanks to the development of the
tomographic method and the large number of high‐quality seismic data used in this study, the fine‐scale
stagnant slab anisotropy in the MTZ has been generally revealed in our present model with an unprece-
dented lateral and vertical resolution at depths of the MTZ and the uppermost lower mantle (Figures 6
and 7), providing new constraints on the dynamic process of the slab deep subduction beneath East Asia.
The Pacific slab has been subducting at a rate of ~9 cm/yr and arrived at the 660‐km discontinuity beneath
Northeast China. However, because of the huge resistance at the 660‐km discontinuity, the subducting slab
bends horizontally and becomes stagnant in the MTZ beneath East Asia for no more than ∼10–20 million
years (Liu et al., 2017). As shown in Figures 6h–6j and 7, the NE‐SW FVDs revealed in the hinge part of
the stagnant Pacific slab are roughly parallel to the Japan Trench and normal to the slab subduction direc-
tion. Although the deformation mechanism inside the stagnant slab in the MTZ remains poorly understood,
SS precursor results suggest that the stagnant part of the subducted Pacific plate is not as flat as previously
suggested (Gu et al., 2012) with the strong deformations in the center of the stagnant slab. It is believed that
trenchmigration and slab rollback have no significant effect on the deformation process in the stagnant slab,
because the entire Pacific slab is under the huge compressive stress regime in the depth range of 100–660 km
(e.g., Zhao et al., 2009) and extends >2,000 km westward from the Japan Trench (Figures 10 and 11). Thus,
the Pacific slab may not roll back significantly but rather continuously subduct and have moved laterally
westward within the upper mantle and MTZ after subduction at near‐plate tectonic rates (~2 cm/yr over
50 Ma; Wu et al., 2016). Therefore, we deem that the great resistance from the 660‐km discontinuity can
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prevent the subducting slab from penetrating into the lower mantle. When the stagnant slab continues to
move laterally westward, the substantial resistances in front of the western edge of the flat slab will also play
an important role in causing strong deformation inside the stagnant slab in the MTZ. Both of the effects can
in turn align mineral aggregates and produce the dominant trench‐parallel FVD, which further indicates
that dislocation creep may be the dominant deformation mechanism in the MTZ beneath the NW Pacific
subduction zone.

4.2. Slab Tearing Under the Izu‐Bonin Arc

The Izu‐Bonin‐Mariana (IBM) arc system lies along the eastern margin of the Philippine Sea plate in the
western Pacific Ocean. The IBM arc system formed as a result of multistage subduction of the western
Pacific plate beneath the Philippine plate stretches over 2,800 km south from the Tokyo Bay to beyond
Guam and consists of the Izu‐Bonin arc in the north and the Mariana arc in the south (Figure 1a). The
Pacific plate moves northwestward relative to IBM, at a rate varying from ~6 cm/yr in the north to ~2
cm/yr in the south (Seno et al., 1993). Beneath the Mariana arc, it is well understood that the Pacific slab
penetrates the 660‐km discontinuity into the lower mantle down to a depth of ~1,000 km (e.g., Bijwaard
et al., 1998; Fukao & Obayashi, 2013; Gorbatov & Kennett, 2003; Rost et al., 2008; Tibi et al., 2006, 2007;
Widiyantoro et al., 1999; Zhao et al., 2017), which shows a roughly 80° dipping slab with a clear Wadati‐
Benioff deep seismic zone toward the northwest. Under the Japan and Izu‐Bonin arcs, Obayashi et al.
(2009) revealed a laterally continuous subducting slab along the Kurile, Japan, and Izu‐Bonin arcs down
to a depth of ~300 km. However, the Japan and Izu‐Bonin slab images are disconnected from each other
at their junction (~35°N) just below 300‐km depth, indicating a slab gap, which is much more clearly
revealed by our present high‐resolution Vp anisotropic tomography (Figures 6 and 9). They suggested that
the Izu‐Bonin and the Japan slabs meet each other to form a cusp‐like junction beneath southwest Japan
and the two slabs are torn apart at their junction when they bend to flatten over the 660‐km discontinuity.
Meanwhile, the morphology of the subducting slabs has been delineated by the analysis of depth distribution
of seismicity in theWadati‐Benioff zone and several different regional‐scale tomographic studies. The Pacific
slab across the Japan arc, Japan Sea, and East Asian continent shows a continuous high‐V structure
deflected horizontally within or just beneath the MTZ, and intermediate‐depth and deep earthquakes
occurred actively in the subducting slab with a dip angle of ~30°; farther south beneath the Izu‐Bonin arc,
the slab becomes much steeper with a dip angle of 50°–70° in the upper mantle and flats in a nearly subhor-
izontal fashion in theMTZ or penetrates into the lower mantle (e.g., Huang & Zhao, 2006; Li & van der Hilst,
2010; Miller et al., 2006; Wei et al., 2012, 2015; Zhao et al., 2017).

Our Vp anisotropic tomography has a very good resolution in the NW Pacific subduction zone and shows an
obvious gap inside the subducting Pacific slab beneath southern Honshu that can be tracked from the shal-
low upper mantle to the MTZ (Figures 9b–9f), which has been described from analysis of distinct P to S con-
verted phases at the edge of the zone and tensional focal mechanisms of deep earthquakes in the tear zone
(e.g., Kennett & Furumura, 2010; Obayashi et al., 2009). The agreement in the gap‐like structure among the
different studies indicates that it is a well‐resolved feature rather than an artifact of tomographic inversion. It
should be noted that large‐scale low‐V anomalies with NE‐SW FVDs are visible within the upper mantle and
the MTZ beneath the Philippine Sea plate, which seem to originate from the mantle flows in the Pacific sub-
slab mantle through the gap between the Izu‐Bonin slab and the Japan slab (Figures 6 and 9a–9f). In addi-
tion, as the depth increases, the slab tear becomes wider, while the scale and amplitude of the low‐V
anomalies under the Philippine Sea plate become smaller and weaker. Beneath the southern part of the
Izu‐Bonin arc, the Pacific slab penetrates into the lower mantle with strong deformation in the MTZ and
uppermost lower mantle (Figure 9g), suggesting that the penetrated slab meets strong resistance at the
660‐km discontinuity. As discussed above, Obayashi et al. (2009) roughly attributed the Pacific slab tear
and consequent slab gap to the slab stagnation in the MTZ and seem to ignore the great differences in the
subduction rate, direction, and dip of the different slabs between two adjacent segments. We think that
the joint effect of the above mentioned key factors may be the main cause of the Pacific slab tear at the
Japan and Izu‐Bonin slabs junction. When the Japan slab bends to flatten in the MTZ and the southern
Izu‐Bonin slab directly penetrates into the lower mantle, the consequent slab gap will continue to extend
and further trigger complex 3‐D mantle flow field around the gap.
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As a characteristic feature of the Earth's interior medium, seismic anisotropy, produced primarily due to the
LPO of olivine in the upper mantle, has often been used to study mantle deformation and the geometry of
mantle flow in tectonically active regions, such as subduction zones, where slab dehydration and fluid‐
triggered melting are very important processes. The FVDs along the Izu‐Bonin arc and the tearing gap

Figure 9. (a–f) Map views of Vp isotropic and azimuthal anisotropy images in and around the Izu‐Bonin arc at the depth
shown in each map. The white double arrows denote the dominant FVDs and toroidal mantle flow around the slab
gap marked with the thick black bar. The other labeling is the same as that in Figure 6. (g and h) Vertical cross sections of
Vp anisotropic tomography and FVDs along the profile (black line) shown in (e). The other labeling is the same as
that in Figure 7.
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exhibit a striking anticlockwise toroidal trend at 240–640‐km depths (Figures 9a–9f), suggesting that the
occurrence of the slab tearing may have caused a complex flow pattern in the mantle wedge above the
Pacific slab and the Pacific subslab mantle beneath the Izu‐Bonin arc. Many numerical simulations have
suggested that the toroidal mantle flow pattern could be driven around the subducting slab edge due to slab
rollback or complexity in slab shape (e.g., Faccenda & Capitanio, 2012, 2013; Jadamec & Billen, 2010;
Piromallo et al., 2006; Stegman et al., 2006). Meanwhile, the toroidal mantle flow pattern is consistent with
many seismic anisotropy observations in the subduction zones (e.g., Castellanos et al., 2018; Civello &
Margheriti, 2004; Liu & Zhao, 2016a; Paul et al., 2014, Wei et al., 2016; Zandt & Humphreys, 2008).
However, these mechanisms seem not to well explain our present anisotropic results, where the slab tearing
may play an important role. The recent 3‐D geodynamic modeling results also show that the development of
a tear in the subducting slab has a significant influence on the fast polarization direction due to stronger
mantle flow through the slab window, and a circular pattern around the slab edges can be produced
(Confal et al., 2018). As discussed in section 4.1, the subducting Pacific slab can entrain the thick and
sheet‐like subslab mantle materials down to the MTZ and uppermost lower mantle, which can cause huge
pressure, temperature, or gravitational gradients between the mantle wedge above the Pacific slab and the
subslab mantle. Therefore, we think that part of the subslab mantle flowmay be sufficiently decoupled from
the overlying subducting Pacific slab because of the occurrence of the slab‐tearing process, and in such a
case, the great differences in the pressure gradient can drive the subslab mantle flow like squeezing tooth-
paste from a tube, upward into the mantle wedge through the slab gap. The anticlockwise toroidal mantle
flow in and around the Izu‐Bonin trench and the gap was caused by joint effects of several factors, including
the much steeper Izu‐Bonin slab than the Japan slab, different rheological properties of the two mantle
wedges, and complex interactions among the different convective circulation processes in the mantle wedge
and the ambient mantle. These 3‐D mantle flow patterns can better explain the large variations of Vp azi-
muthal anisotropy in the Izu‐Bonin subduction zone. Our understanding of the geometry and composition
of the subducting Pacific slab and the physical process of subduction mostly comes from indirect observa-
tions including seismology (e.g., earthquake hypocenters, seismic structure, anisotropy, and attenuation),
gravity, geochemistry, and petrology of Island arc lavas. Recent advances in high‐resolution geodynamic
modeling will allow us to test the hypothesis, which can be achieved via the adjoint method and retrodic-
tions of the past mantle flow that assimilate seismic images of the mantle (e.g., Bunge et al., 2003; Colli
et al., 2018).

4.3. Intraplate Volcanism and Mantle Dynamics

The Pacific‐Izanagi spreading ridge began to subduct under the East Asian margin between 55 and 50 Ma
and further replaced by the western Pacific Plate, which continued to move westward and subduct in the
northwestern direction (e.g., Müller, Sdrolias, Gaina, Steinberger, & Heine, 2008; Seton et al., 2015). It is well
known that the Izanagi plate has completely penetrated into the lower mantle and a large amount of slabs
now founder at the core‐mantle boundary (e.g., Amaru, 2007; Li et al., 2008; Obayashi et al., 2013; Seton
et al., 2015; Simmons et al., 2012; Zhao, 2004). As mentioned above, many seismic observations have consis-
tently shown that the subducted slab is deflected horizontally for a long distance (>1,000 km) in the MTZ
beneath East Asia, which is often attributed to the subducting Pacific plate initiating in the Paleocene.
The reconstruction of global plates and numerical modeling of oceanic basin dynamics (Müller et al.,
2016) suggest that at least 4,100 km of the Pacific slab has been absorbed by the western Pacific subduction
zone since the onset of the Pacific plate subduction beneath East Asia at ca. 55 Ma (Figures 10a and 10b).
Figure 10c shows a vertical cross section along the great circle, which passes through the Changbai intraplate
volcano and the northeast Japan arc. A rough estimation (Figures 10d and 10e) shows that the length of the
imaged subducting slab in the upper mantle and MTZ under Northeast Asia is only ~2,400 km, which is
about a half of the extinct slab. This result suggests that the subducting Pacific slab may have suffered sig-
nificant oceanic lithospheric shortening and the flat slab now in theMTZ beneath East Asia is the subducted
Pacific slab rather than the Izanagi slab (e.g., Liu et al., 2017). Recent global mantle convection models show
that a thin and weak layer at 670‐km depth from spinel to postspinel phases plays an important role in pro-
ducing slab stagnation in the MTZ, and the stagnant slab under East Asia largely results from subduction in
the past 20–30Myr, suggesting a transient nature of slab stagnation on a timescale of tens of millions of years
(Mao & Zhong, 2018).
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Figure 10. The seafloor age distribution in the western Pacific at (a) 60 and (b) 0 Ma (modified from Müller et al., 2016).
The other labeling is the same as that in Figure 1b. (c) An east‐west vertical cross section of isotropic Vp tomography
along the profile (red line) shown in (b). The vertical red single arrow indicates the location of the NSGL in eastern China.
The other labeling is the same as that in Figure 7. (d) A schematic diagram showing the procedure of estimating the
length of the present subducting Pacific slab along the profile (red line) shown in (b). The values of the parameters used in
the estimation are shown in (e).
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It is considered that the stagnant Pacific slab in the MTZ has contributed to the widespread Cenozoic mag-
matism and intraplate volcanism in northeast China and surrounding regions (Figure 11; e.g., Lei & Zhao,
2005; Huang & Zhao, 2006; Zhao et al., 2009; Wei et al., 2012, 2015; Tian et al., 2016; Chen et al., 2017; Ma
et al., 2018). The broad upper mantle region above the stagnant Pacific slab has formed a big mantle wedge
(BMW) beneath East Asia (e.g., Liu et al., 2017; Zhao, 2004; Zhao et al., 2009). The subduction‐driven corner
flow in the BMW and fluids from deep dehydration reactions of the stagnant slab and/or fluids brought
down from the shallow mantle wedge by convective circulation process are considered to be responsible
for the extensive Late Mesozoic‐Cenozoic tectonomagmatism, significant intraplate volcanoes, intraplate
earthquakes, continental lithosphere destruction, and the west‐east boundary in the surface topography
and gravity anomaly in East Asia (Figures 10c, 11, 12, 15b, and 15c). This BMW model has been supported
by most of the multiscale tomographic studies, and many geophysical, geochemical, and numerical simula-
tion results (see recent reviews by Zhao & Tian, 2013, Xu et al., 2018, and Zhang et al., 2018). However, Tang
et al. (2014) and Tao et al. (2018) show the existence of a very narrow low‐V anomaly within the stagnant slab
beneath northeast China, interpreted as a slab gap, through which a thin low‐V zone from the top of the
lower mantle up to the surface finally feeds the Changbai volcanism. But this feature is not visible in other
recent tomographic models of East Asia (e.g., Chen, Zhao, et al., 2017; Ma et al., 2018; Takeuchi et al., 2014;
Wei et al., 2015). Thus, the origin of the Changbai volcano remains to be a controversial issue. Our present

Figure 11. (1–10) Vertical cross sections of isotropic Vp tomography along the ten profiles (black lines) shown on the inset map. The red dashed lines denote the
location of the NSGL, and the red triangles denote active volcanoes. The other labeling is the same as that in Figure 7.
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results of Vp isotropic and azimuthal anisotropy tomography (Figures 6h–6j), derived from absolute
traveltime residuals, show a continuous Pacific slab without the so‐called slab gap. The slab is deflected
horizontally in the MTZ under East China, and the western edge of the stagnant slab is well coincident with
the surface topographic boundary and the NSGL in East China (Figures 15b and 15c). The toroidal FVDs
down to 320‐km depth (Figures 6a–6f) are roughly revealed in and around the Jingpo, Changbai, and
Longgang volcanic groups in the southeastern margin of the Songliao Basin. This result provides direct
observational evidence for the interaction between the overlying cold lithosphere and the hot and wet man-
tle upwelling caused by joint effects of deep slab dehydration and convective circulation process in the BMW
beneath Northeast Asia.

TheWudalianchi volcano is one of the youngest volcanoes in the Asian continent, which formed during five
eruptive cycles from the early Pleistocene to historical time with its recent eruption in 1719–1721. Similar to
the Changbai volcano, significant low‐V anomalies in the upper mantle and a horizontal high‐V zone in the
MTZ are also detected beneath the Wudalianchi (Figure 12a), Arxan and Jingpo volcanoes (Figure 12b),
implying the same formation mechanism of the three intraplate volcanoes as the Changbai volcano (e.g.,
Wei et al., 2019). These results indicate that the Cenozoic intraplate volcanoes in NE Asia are not hot spots
related to deep mantle plumes but caused by the BMW processes associated with the deep subduction of the
western Pacific plate (Figures 14 and 15a; e.g., Zhao, 2004; Lei & Zhao, 2005; Huang & Zhao, 2006; Wei et al.,
2012, 2015; Zhao & Tian, 2013; Chen, Zhao, et al., 2017; Ma et al., 2018).

Figure 12. (a–c) Vertical cross sections of isotropic Vp tomography along the three profiles (red lines) shown on the inset
map (d). The other labeling is the same as that in Figure 7. See the text for details.
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The Quaternary Datong volcano is located in the northern portion of the Shanxi rift, which is about 2,500 km
away from the Japan Trench (Figure 1a). The origin of the Datong volcano has been the target of many tomo-
graphic studies (e.g., Huang & Zhao, 2006; Lei, 2012; Tao et al., 2018; Tian et al., 2009). However, the origin
of the Datong volcano remains unclear due to the lack of higher‐resolution tomographic models. Our pre-
sent model (Figure 12c) shows an obvious low‐V anomaly in the upper mantle under the Datong volcano,
which is connected with the low‐V zone in the BMW. The low‐V anomaly under Datong extends to the
MTZ bottom but not to the lower mantle, which is consistent with previous tomographic results. We spec-
ulate that the MTZ low‐V anomaly in front of the western edge of the stagnant slab may reflect an upwelling
flow triggered by the westward push of the stagnant slab, which may have caused the Datong volcanism.

Figure 13. (a) Map view of Vp isotropic and azimuthal anisotropy image at 560‐km depth. The anomalous features S1, S2,
S3, and S4 are discussed in the text. The black boxes show the limits of S1, S2, and S3. The eastern edge of S4 is marked by a
black line. (b–d) Vertical cross sections of isotropic Vp tomography along the three profiles (white lines) shown in (a).
CDDB, the Chuandian Diamond Block; EHS, the Eastern Himalayan Syntax. The other labeling is the same as that in
Figure 7. See the text for details.
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At depths of 480–1,000 km, broad high‐V anomalies are visible under East China, which are consistent with
previous P wave tomography models (e.g., Huang & Zhao, 2006; Li & van der Hilst, 2010; Obayashi et al.,
2013; Tao et al., 2018; Wei et al., 2012, 2015) but show more structural details in the MTZ and lower mantle
because of the more uniform and denser ray coverage in our data set. The tomographic image at 560‐km
depth (Figure 13a) shows that several separated high‐V anomalies exist in the MTZ: S1 is a NNE striking
structure beneath north and northeast China, the Bohai Sea, the Yellow Sea, and the Japan Sea; S2 is a
NNE striking structure beneath the Yangtze Craton and the south China fold system, both of which are par-
allel to the Japan Trench and located in the east of the NSGL; S3 is a NNW striking structure beneath the Izu‐
Bonin and Mariana arcs; and S4 is a NE striking structure beneath the western part of the Yangtze Craton.

After decades of regional and global tomographic studies, it is undoubted that S1 can be interpreted as frag-
ments of the subducting Pacific slab, produced by subduction of the Pacific plate beneath the Eurasian plate
along the Japan Trench, as discussed above. The NE striking structure S4 is roughly located in 20°–32°N and
100°–110°E, at depths of 450–700 km (Figures 13b and 13c), and its orientation and position suggest that it is
difficult to be produced by multiperiod subduction of the Pacific plate or the Philippine Sea plate (e.g.,
Müller et al., 2016). S4 is similarly observed by previous studies: Li and van der Hilst (2010) interpreted it
as a slab that subducted 60–80 Ma along the southeastern coast of China, whereas Tao et al. (2018) specu-
lated it to be related to the subduction of the proto‐South China Sea at 20–30 Ma (Wu et al., 2016).
However, the cross sections through S4 (Figures 13b and 13c) show an ESE striking subduction direction
in the upper mantle beneath the Chuandian Diamond Block and the Eastern Himalayan Syntax, and S4,
as a stagnant high‐V anomaly in the MTZ, is not connected to the mantle structures under the South
China Sea or the southeast of the South China Fold system but closely related to the recent subduction of
the Burmamicroplate and/or Indian plate beneath Southeast Asia. Above the high‐V zone (S4), a prominent
and rather broad low‐V zone is visible from the top of the MTZ up to the surface beneath the active
Tengchong volcano in SW China. Our results indicate that the origin of the Tengchong volcano is closely
related to the eastward deep subduction of the Burma microplate (or the Indian plate), which is similar to
the formation mechanism of the Changbai volcano in northeast China as discussed above. Geochemical
and multiscale tomographic studies suggest the presence of the Hainan mantle plume (e.g., Ho et al.,
2000; Lebedev & Nolet, 2003; Wei et al., 2012; Xia et al., 2016; Zhao, 2004). Our present tomographic model

Figure 14. (a) A 3‐D view of the subducting Pacific slab (with Vp perturbations ≥0.5%) under East Asia. 3‐D views of the
FVDs in the upper mantle (b) and the MTZ and the uppermost lower mantle (c).
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shows that the Hainan Island and southeast China are underlain by a plume‐like low‐V zone extending
down to ~900‐km depth, but our current model cannot provide more detailed features of the Hainan plume
in the lower mantle.

There is no dispute for S3 that can be interpreted as the subducting Pacific slab beneath the Philippine Sea
plate along the Izu‐Bonin and Mariana trenches. But there are still different opinions about S2. Tao et al.
(2018) suggest that S2 may be the detached Philippine Sea slab beneath East China, based on their tomo-
graphic results and plate reconstructions. However, our present results do not support their suggestion.
Although ~625‐km length of the Philippine Sea plate has subducted down to 450‐km depth as they imaged,
it is still very short compared with the subduction scale of the western Pacific plate, as mentioned above. The
position of S2 far west of the Ryukyu Trench further indicates that S2 was not produced by the subducting

Figure 15. (a) A schematic diagram illustrating main features of the subducting Pacific slab beneath Western Pacific and
East Asia, including corner flow in the big mantle wedge (BMW), subslab mantle flow, and flow through the slab gap
between the Japan and Izu‐Bonin trenches. (b) Surface topography and (c) Bouguer gravity anomalies (derived from
Balmino et al., 2012) in the study region. The other labels are the same as those in Figures 1a and 12.
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Philippine Sea plate, but the subducting Pacific slab beneath the Izu‐Bonin Trench (e.g., Huang & Zhao,
2006; Li & van der Hilst, 2010; Wei et al., 2012). Therefore, we think that the high‐V anomalies (S1 and
S2) in the MTZ under east China are actually the same stagnant Pacific slab rather than several segmented
structures (Figure 14a). Our result (Figure 13d) shows that a slab break off may exist between the southern
part of S2 and the subducting Pacific slab beneath the Bonin arc, considering that the Izu‐Bonin and the
Japan slabs are torn apart below ~300‐km depth at their junction and the Bonin slab has penetrated the
660‐km discontinuity and reached the lower mantle. This is quite speculative, but it may explain the enig-
matic phenomenon that the subhorizontal north‐south extent of the stagnant Pacific slab in the MTZ under
east China is far greater than that of the Japan Trench.

It has been long debated whether part of the subducting Pacific slab material has sunk into the lower mantle
under east China. Our present tomographic images show that large‐scale NE striking high‐V anomalies in
the uppermost lower mantle continuously exist down to 1,000‐km depth or even deeper in the east of the
NSGL, which may represent fragments of the Pacific slab and/or ancient continental lithosphere collapsing
down to the lower mantle. The NSGL, as an important tectonic line in Mainland China, exhibits sharp var-
iations in the surface topography, gravity anomaly, crustal and lithospheric thickness, and mantle seismic
velocity from the east to the west (e.g., Xu, 2007). In Figures 15b and 15c, we compare the surface topography
and Bouguer gravity anomalies in east China and adjacent regions with the extent of the stagnant Pacific
slab at 560‐km depth. The western edge of the Pacific stagnant slab is well coincident with the surface topo-
graphic boundary along the NSGL in east China. The subduction and stagnancy of the Pacific plate under
the Eurasian continent may have a profound influence on the evolution of the surface tectonics and gravity
anomaly, and structure and dynamic processes in the BMW (Figures 11, 14, and 15a; Huang & Zhao, 2006;
Zhao & Tian, 2013), but the current tomographic results cannot provide further constraints on the detailed
formation mechanism. Future higher‐resolution seismological studies and geodynamic modeling may be
able to shed new light on this interesting phenomenon (e.g., Colli et al., 2018; Fichtner et al., 2018; Wei
et al., 2019).

5. Conclusions

To better understand the detailed 3‐D anisotropic structure and dynamics of the western Pacific and East
Asian region, we determine high‐resolution P wave azimuthal anisotropy tomography down to 1,000‐km
depth using ~1.87 million high‐quality P wave arrival times from 84,777 local and regional earthquakes
recorded at ~3,000 seismic stations compiled by the China National Seismic Network, the Japanese Kiban
Seismic Network, and the International Seismological Center. Our results provide new insights into the ani-
sotropic structure and subduction dynamics of the western Pacific plate, and the mantle flow pattern and
tectonic evolution in East Asia. Main findings of the present study are summarized as follows.

1. The low‐Vmantle under the Pacific slab beneath the Japan arc mainly exhibits subduction‐parallel FVDs
at depths of 160−400 km but subduction‐normal FVDs in the MTZ and uppermost lower mantle. This
result may reflect 2‐D subduction‐parallel subslab mantle flow in the upper mantle but subduction‐
normal subslab mantle flow that is decoupled from the subducting Pacific slab in the MTZ and upper-
most lower mantle.

2. Trench‐parallel FVDs are visible in the shallow portion of the subducting Pacific slab (<80‐km depth),
whereas the deeper portion of the Pacific slab (~160–400‐km depth) mainly exhibits trench‐normal
FVDs, except for the hinge part of stagnant Pacific slab in the MTZ where obvious NE‐SW (trench‐par-
allel) FVDs are revealed.

3. Obvious toroidal FVDs and low‐V anomalies exist in and around the Izu‐Bonin arc and the Philippine
Sea plate, which may reflect toroidal mantle flow resulting from a Pacific slab tear below 300‐km depth
at the junction of the Japan and Izu‐Bonin slabs.

4. The high‐V anomalies in the MTZ under East China reflect the same stagnant Pacific slab rather than
several segmented slab structures. The flat slab now in the MTZ is the subducted Pacific slab initiating
in the Paleocene rather than the Izanagi slab.

5. The Cenozoic intraplate volcanoes in Northeast Asia are not hot spots related to deep mantle plumes but
caused by hot and wet upwelling flows in the BMW associated with the deep subduction of the western
Pacific plate.
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6. The NE striking high‐V structure beneath the western part of the Yangtze Craton reflects the subducting
Burma microplate and/or the Indian plate. The active Tengchong volcano in SW China is caused by the
BMW processes above the stagnant Burma or Indian slab in the MTZ.
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