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Abstract We present 3-D images of azimuthal anisotropy tomography of the crust and upper mantle of
the Japan subduction zone, which are determined using a large number of high-quality P and S wave
arrival time data of local earthquakes and teleseismic events. A tomographic method for P wave velocity
azimuthal anisotropy is modiﬁed and extended to invert S wave traveltimes for 3-D S wave velocity azimuthal
anisotropy. A joint inversion of the P and S wave data is conducted to constrain the 3-D azimuthal anisotropy
of the Japan subduction zone. Our results show that the subducting Paciﬁc and Philippine Sea (PHS) slabs
exhibit mainly trench-parallel fast-velocity directions (FVDs), which may reﬂect frozen-in lattice-preferred
orientation of aligned anisotropic minerals formed at the mid-ocean ridge as well as shape-preferred
orientation such as normal faults produced at the outer-rise area near the trench axis. Trench-normal FVDs
are generally revealed in the mantle wedge, which may reﬂect corner ﬂows in the mantle wedge due to the
plate subduction and dehydration. Trench-normal FVDs are also visible in the subslab mantle, which may
reﬂect the subducting asthenosphere underlying the slabs. Our results also reveal toroidal mantle ﬂows in
and around a window (hole) in the PHS slab beneath SW Japan, suggesting that the occurrence of the PHS
slab window may have caused a complex ﬂow pattern in the mantle wedge above the Paciﬁc slab.

1. Introduction
The Japan subduction zone is a part of the western Paciﬁc trench-arc-back-arc system, where four lithospheric plates are strongly interacting with each other (Figure 1). Hokkaido and northern Honshu belong
to the Okhotsk plate, whereas SW Japan belongs to the Eurasian plate. The Paciﬁc plate is subducting
beneath NE Japan at the Kuril-Japan trench, whereas the Philippine Sea (PHS) plate is subducting beneath
SW Japan at the Nankai trough. The strong interactions among these plates have caused many large earthquakes, such as the 2011 Tohoku-oki earthquake (Mw 9.0) sequence, as well as active arc volcanoes which
form a prominent volcanic front (Figure 1).
Many researchers have investigated the three-dimensional (3-D) seismic structure of the Japan subduction
zone, which have greatly improved our understanding of seismotectonics, magmatism, and subduction
dynamics of this region (see a recent review by Zhao [2015]). The subducting Paciﬁc and PHS slabs have been
imaged clearly as high-velocity (high-V) and low-attenuation (high-Q) zones, whereas low-velocity (low-V)
and high-attenuation (low-Q) anomalies are revealed in the mantle wedge beneath the volcanic front and
back-arc areas, which reﬂect the source zone of arc magmatism and volcanism caused by slab dehydration
and corner ﬂow in the mantle wedge [e.g., Zhao et al., 1994, 2012; Liu et al., 2014; Liu and Zhao, 2015,
2016]. Signiﬁcant azimuthal anisotropy of seismic velocity has been also revealed in the crust, the mantle
wedge, the subducting slabs, and the subslab mantle beneath Japan by shear wave splitting measurements
[e.g., Okada et al., 1995; Hiramatsu et al., 1997; Nakajima et al., 2006; Tono et al., 2009; Wirth and Long, 2010;
Huang et al., 2011a; Savage et al., 2016], anisotropic receiver-function analyses [e.g., Wirth and Long,
2012; Watanabe and Oda, 2014], and P wave velocity (Vp) anisotropy tomography [e.g., Ishise and Oda,
2005; Wang and Zhao, 2008, 2013; Huang et al., 2011b, 2015; Liu et al., 2013a; Wei et al., 2015]. These studies
have revealed trench-parallel fast-velocity directions (FVDs) in the subducting slabs and trench-normal FVDs
in the mantle wedge beneath the volcanic front and back-arc areas, though the azimuthal anisotropy exhibits
strong along-arc variations. The azimuthal anisotropy in the subducting slabs mainly accounts for the frozenin anisotropy which formed at the mid-ocean ridge, whereas the anisotropy in the mantle wedge generally
reﬂects current corner ﬂow induced by the slab subduction (see Zhao et al. [2016] for a detailed review).
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Figure 1. Tectonic settings of the study region [after Liu et al., 2013a]. The red triangles denote the active and Quaternary
volcanoes. The solid sawtooth lines and the black dashed line denote the plate boundaries. The blue and red lines denote
the depth contours of the upper boundaries of the subducting Paciﬁc and Philippine Sea slabs, respectively, which are
constructed based on several previous studies [e.g., Zhao et al., 1994, 2012; Hayes et al., 2012; Hasegawa et al., 2013].

Anisotropy could be a ﬁrst-order effect on the variations in seismic velocity, and mantle dynamic processes in
a subduction zone could be well constrained by studying seismic anisotropy [e.g., Anderson, 1989; Maupin
and Park, 2007; Long, 2013; Skemer and Hansen, 2016; Zhao et al., 2016]. However, shear wave splitting measurements have a poor depth resolution, and the previous anisotropic receiver-function analyses and tomographic studies for Vp azimuthal anisotropy mainly focused on the shallow portion of the Japan subduction
zone at depths less than ~200 km. Except for a few large-scale regional and global anisotropic studies [e.g.,
Ekström, 2011; Wei et al., 2015], the ﬁne-scale 3-D azimuthal anisotropy structure of the entire upper mantle
beneath the Japan Islands has not been investigated, which hinders our understanding of the mantle ﬂow
pattern and subduction dynamics of this region.
In this work, we study the 3-D seismic velocity azimuthal anisotropy of the crust and upper mantle of the
Japan subduction zone. We ﬁrst determine a detailed Vp tomography for 3-D azimuthal anisotropy beneath
Japan using a large number of high-quality P wave traveltimes of local earthquakes and teleseismic events
recorded by the dense seismic network on the Japan Islands. Then we further constrain the azimuthal anisotropic structure using S wave traveltimes of local earthquakes and teleseismic events. We have collected and
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Figure 2. Distribution of seismic stations of (a) the Kiban seismic network and (b) the High-sensitivity seismic network
(Hi-net). Epicentral distribution of (c) the local earthquakes and (d) the teleseismic events used in this study. The colors in
Figure 2c denote the focal depth whose scale is shown in Figure 2c.

used much more traveltime data than all the previous anisotropic tomography studies in this region. Our
present results shed important new light on the detailed mantle ﬂow pattern and subduction dynamics of
the Japan subduction zone.

2. Data
We used 1852 seismic stations belonging to the Kiban network installed on the Japan Islands (blue squares in
Figure 2a) [Okada et al., 2004], which contain 796 Hi-net stations (blue squares in Figure 2b). We used two sets
of data to conduct tomographic inversions. The ﬁrst data set contains P and S wave arrival times of 2528 local
earthquakes which occurred in and around the Japan Islands (Figure 2c). The second data set contains P wave
relative traveltime residuals of 747 teleseismic events and S wave residuals of 643 teleseismic events (Figure 2d).
The two sets of data are derived from Liu and Zhao [2016] who determined isotropic Vp and Vs tomography
of the Japan subduction zone down to a depth of 700 km. In this work, we used the two sets of data to study
the 3-D azimuthal anisotropy structure of the Japan subduction zone.
Among the great number of local earthquakes (~1,598,000) recorded by the dense seismic network (Figure 2a)
during June 2002 to April 2015, a best set of events was selected for tomographic inversions [Liu and Zhao,
2016]. The shallow (<100 km depth) offshore events (~302,000) were removed from the data set because of
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Figure 3. Map views of Vp azimuthal anisotropy tomography obtained by inverting the P wave arrival time data of both local earthquakes and teleseismic events. The
layer depth is shown in each map. The blue thick line shows the location of the upper boundary of the subducting Paciﬁc slab at each depth. The red and blue colors
denote low and high isotropic velocities, respectively. The isotropic velocity perturbation (in %) scale is shown beside Figure 3h. The orientation and length of the
short black bars represent the fast-velocity direction (FVD) and the anisotropic amplitude, respectively. The anisotropic amplitude scale is shown below Figure 3k. The
other labeling is the same as that in Figure 1.
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Figure 4. Vertical cross sections of isotropic Vp images derived from P wave velocity azimuthal anisotropy tomography along the proﬁles (blue lines) shown on the
inset map. This 3-D Vp model is obtained by inverting the P wave arrival time data of both local earthquakes and teleseismic events. The red and blue colors denote
low and high isotropic velocities, respectively, whose scale (in %) is shown below the map. The red triangles denote the active and Quaternary volcanoes. The black
bar atop each cross section denotes the land area. The background seismicity and low-frequency micro-earthquakes which occurred within a 20 km width of each
proﬁle are shown in white and red circles, respectively. In each panel, the curved black line shows the Moho discontinuity, and the two dashed lines denote the 410
and 660 km discontinuities.

their poor hypocentral locations. Then, the study area was divided into many cubic blocks with a size of
50 × 50 × 10 km3. In each block, a local event was selected by a speciﬁc scheme of selection according to the
maximum number of recording stations and the minimum formal uncertainty of the hypocentral parameters.
As a result, 2528 local events were selected (Figure 2c), which generated 501,571 P wave and 220,340 S wave
arrival times. The picking accuracy is estimated to be 0.05–0.10 s for P wave data and 0.05–0.15 s for S wave
data. This data set contains more P and S wave arrivals than those released by the Japan Meteorological
Agency (JMA) Uniﬁed Earthquake Catalog, because all the clear P and S arrivals were picked up from the
original three-component seismograms by the seismological staffs of Tohoku University [Zhao et al., 2012;
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Figure 5. The same as Figure 4 but for vertical cross sections beneath SW Japan.

Hasegawa et al., 2013]. The uncertainty of hypocentral locations is < 5 km for all the events and < 3 km for the
events beneath the seismic network.
Our second data set contains 505,452 P wave and 251,958 S wave relative traveltime residuals from 747 and
643 teleseismic events, respectively (Figure 2d), which were measured precisely by applying the multichannel
cross-correlation technique [VanDecar and Crosson, 1990] to high-quality three-component seismograms
recorded by the Hi-net seismic stations (Figure 2b) during April 2004 to December 2014 (for details, see Liu
and Zhao [2016]). The P wave relative traveltime residuals were measured from the vertical-component seismograms ﬁltered in a frequency band of 0.1–0.2 Hz, whereas the S wave relative residuals were collected from
the horizontal-component seismograms ﬁltered in a frequency band of 0.01–0.1 Hz. The teleseismic events
used are ≥ M 6.0, and their epicentral distances are in a range of ~30°–90°. Hypocentral parameters of the
teleseismic events are obtained from the Bulletins of the International Seismological Center. The azimuthal
coverage of these events is very good in all directions except for the Paciﬁc Ocean, and most of the events
occurred in subduction zones (Figure 2d).
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Figure 6. The same as Figure 3 but Vs azimuthal anisotropy tomography obtained by inverting the S wave arrival time data of both local earthquakes and teleseismic
events.
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Figure 7. Vertical cross sections of isotropic Vs images derived from S wave velocity azimuthal anisotropy tomography along the proﬁles (blue lines) shown on the
inset map. This 3-D Vs model is obtained by inverting the S wave arrival time data of both local earthquakes and teleseismic events. The other labeling is the same as
that in Figure 4.

3. Method
We apply the Vp azimuthal anisotropy tomographic method of Wang and Zhao [2008], which was modiﬁed
from the isotropic velocity tomographic method of Zhao et al. [1992], to invert the local-earthquake P wave
arrival times and teleseismic P wave relative traveltime residuals simultaneously for 3-D isotropic Vp tomography and Vp azimuthal anisotropy beneath the Japan Islands. In contrast to previous azimuthal anisotropy
tomographic studies [e.g., Wang and Zhao, 2008, 2013] assuming hexagonal anisotropy with a horizontal
hexagonal symmetry axis, in this study orthorhombic anisotropy with a horizontal symmetry plane is
assumed to exist in the modeling space. In addition, we modify and extend the Vp azimuthal anisotropy
tomographic method of Wang and Zhao [2008] to invert the local-earthquake S wave arrival times and the
teleseismic S wave relative traveltime residuals simultaneously for isotropic Vs tomography and 3-D Vs azimuthal anisotropy beneath the Japan Islands. Then, we perform a joint inversion of the P and S wave
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Figure 8. The same as Figure 7 but for vertical cross sections beneath SW Japan.

traveltime data of both local and teleseismic events for 3-D isotropic Vp and Vs tomography and azimuthal
anisotropy beneath the Japan Islands. Details of the azimuthal anisotropy tomographic method used in this
study are described in Appendix A.

4. Analysis and Results
To obtain robust results, we conducted many tomographic inversions to ﬁnd the optimal values of the damping and smoothing parameters and the number of iterations. The optimal values of these parameters are
shown in Table S1 in the supporting information. The ﬁnal root-mean-square (RMS) traveltime residuals for
the anisotropic models are much smaller than those for the isotropic models of Liu and Zhao [2016] (Table
S1). To evaluate whether the reduction of the RMS residual is statistically signiﬁcant or not, we conducted
an F test [Draper and Smith, 1966] following the approach of Zhao et al. [1995]. The test result indicates that
the RMS residual reduction from the isotropic inversion to the anisotropic inversion is certainly statistically
signiﬁcant. In the optimal tomographic model, the grid interval is 0.33° in the horizontal direction, and grid
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Figure 9. Map views of Vp azimuthal anisotropy tomography obtained by a joint inversion of the P and S wave traveltime data of both local and teleseismic events.
The other labeling is the same as that in Figure 3.

LIU AND ZHAO

AZIMUTHAL ANISOTROPY OF JAPAN

5095

Journal of Geophysical Research: Solid Earth

10.1002/2016JB013116

Figure 10. Map views of Vs azimuthal anisotropy tomography obtained by a joint inversion of the P and S wave traveltime data of both local and teleseismic events.
The other labeling is the same as that in Figure 3.
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Figure 11. Vertical cross sections of isotropic Vp images derived from anisotropy tomography along the proﬁles (blue lines) shown on the inset map. This 3-D Vp
model is obtained by a joint inversion of the P and S wave traveltime data of both local and teleseismic events. The other labeling is the same as that in Figure 4.

meshes are arranged at depths of 10, 25, and 40 to 700 km with a vertical grid interval of 25 km. The grid interval is the same for the two grid nets for expressing the 3-D isotropic velocity tomography and for the azimuthal anisotropy.
The optimal tomographic results obtained (Figures 3–16) show that the isotropic Vp and Vs images are generally similar to each other. The subducting Paciﬁc and PHS slabs are imaged clearly as dipping high-V zones,
whereas obvious low-V anomalies are revealed in the surrounding mantle, in particular, in the mantle wedge
above the slabs. Our results also show that the Vp and Vs FVDs are generally consistent with each other,
but the amplitude of the Vs azimuthal anisotropy is smaller than that of the Vp azimuthal anisotropy
(Figures S3–S7). The subducting slabs mainly exhibit trench-parallel FVDs, whereas trench-normal FVDs are
generally revealed in the mantle wedge and the subslab mantle. These results are conﬁrmed by our detailed
resolution tests, which show that our azimuthal anisotropy tomography has a lateral resolution of ~30 km,
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Figure 12. The same as Figure 11 but for vertical cross sections beneath SW Japan.

and its vertical resolution is 10–15 km in the crust and 25–50 km in the upper mantle in and around the Japan
Islands (see the supporting information for details).

5. Discussion
5.1. Structural Heterogeneity
Seismic velocity heterogeneities in and around the Japan Islands have been well documented by many
tomographic studies at local and regional scales [e.g., Zhao et al., 1994, 2012; Mishra et al., 2003; Salah and
Zhao, 2003; Wang and Zhao, 2005, 2008; Huang and Zhao, 2006; Xia et al., 2007; Abdelwahed and Zhao,
2007; Jiang et al., 2008; Sun et al., 2008; Gupta et al., 2009; Huang et al., 2011b; Cheng et al., 2011; Tong
et al., 2011; Wei et al., 2012; Tian and Liu, 2013; Niu et al., 2016; Liu and Zhao, 2016]. The most prominent features beneath the Japan Islands, as revealed by the previous studies, are the high-V subducting Paciﬁc and
PHS slabs, as well as low-V anomalies in the mantle wedge under the volcanic front and back-arc areas.
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Figure 13. Vertical cross sections of isotropic Vs images derived from anisotropy tomography along the proﬁles (blue lines) shown on the inset map. This 3-D Vs
model is obtained by a joint inversion of the P and S wave traveltime data of both local and teleseismic events. The other labeling is the same as that in Figure 4.

These velocity heterogeneities are associated with the oceanic plate subduction, slab dehydration reactions,
sources of arc magmatism and volcanism, and generation of various types of earthquakes including large and
small crustal earthquakes, megathrust earthquakes, intraslab and deep earthquakes, and low-frequency
micro-earthquakes [e.g., Hasegawa et al., 2013; Zhao, 2015].
Our isotropic velocity images (Figures 3–16), derived from the azimuthal anisotropy tomography, show these
main structural features very clearly, conﬁrming the previous tomographic results. It should be pointed out
that, in this work, although we have adopted a simple 1-D starting model for the anisotropic tomographic
inversions, we have actually imaged the slabs clearly, similar to the isotropic velocity tomography of Liu
and Zhao [2016], indicating the effectiveness of our anisotropic tomography method and the high quality
of our data set.
The high-V Paciﬁc and PHS slabs beneath Japan also exhibit a low attenuation (high-Q), whereas the low-V
anomalies generally coincide with low-Q zones in the mantle wedge [Nakajima et al., 2013; Liu et al., 2014;
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Figure 14. The same as Figure 13 but for vertical cross sections beneath SW Japan.

Kita et al., 2014; Liu and Zhao, 2014, 2015]. Such a feature is a common seismological characteristic of almost
all subduction zones in the world, which reﬂects the source of arc magmatism caused by a combination of
slab dehydration and corner ﬂow in the mantle wedge [Zhao et al., 1992, 2012; Iwamori and Zhao, 2000;
Wiens et al., 2008; Zhao, 2015].
In addition, thanks to the accumulation of high-quality seismic data and the development of the tomographic method, many detailed structural heterogeneities have been recently revealed in the Japan subduction zone. In the megathrust zones beneath the NE Japan and SW Japan fore-arc areas, most megathrust
earthquakes are found to nucleate in or around high-V, high-Q, and low Poisson’s ratio patches, which may
indicate that structural heterogeneities in the megathrust zone, such as the subducting seaﬂoor topography
and compositional variations, control the nucleation of the megathrust earthquakes [e.g., Mishra et al., 2003;
Wang and Zhao, 2005, 2006; Huang et al., 2011b; Zhao et al., 2011; Huang and Zhao, 2013a, 2013b; Tian and
Liu, 2013; Liu et al., 2013a, 2013b, 2014; Liu and Zhao, 2014, 2015].
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Figure 15. Map views of Vp azimuthal anisotropy tomography along three slices in (a) the middle mantle wedge, (b) the subducting Paciﬁc slab, and (c) the subslab
mantle beneath NE Japan as shown in the sketch beside Figure 15b. This 3-D Vp model is obtained by a joint inversion of the P and S wave traveltime data of both
local and teleseismic events. Figure 15a is located at the middle between the Moho discontinuity and the upper boundary of the subducting Paciﬁc slab (UBPS).
Figures 15b and 15c are located 50 km and 200 km below the UBPS, respectively. The white lines to the east of the Japan Trench denote isochrones of the Paciﬁc
Ocean ﬂoor [Müller et al., 2008] which are parallel to the paleomagnetic lineations in the Paciﬁc plate. The white arrow in each map shows the moving direction of the
Paciﬁc plate relative to NE Japan [Kreemer et al., 2003]. The other labeling is the same as that in Figure 3.

In the fore-arc mantle wedge, low-V anomalies exist not only above the young and warm PHS slab beneath SW
Japan but also above the old and cold Paciﬁc slab beneath NE Japan, which may indicate fore-arc mantle serpentinization and reﬂect a “water wall” in the fore-arc mantle wedge due to the slab dehydration [e.g., Wang and
Zhao, 2006; Xia et al., 2008; Zhao et al., 2015]. Obvious low-Q anomalies appear in the fore-arc mantle wedge
beneath SW Japan, whereas high-Q anomalies exist in the fore-arc mantle wedge beneath NE Japan [e.g.,
Nakajima et al., 2013; Liu et al., 2014; Liu and Zhao, 2014, 2015; Saita et al., 2015]. This discordant feature between
the velocity and Q images may result from the lower resolution of the Q tomography and/or the higher sensitivity
of seismic attenuation to temperature variations, which calls for more detailed studies of seismic attenuation.
The high-V PHS slab has subducted aseismically down to the mantle transition zone depth beneath SW
Japan, though the seismicity within the PHS slab ends at ~180 km depth [Abdelwahed and Zhao, 2007;
Zhao et al., 2012]. A slab window (slab hole) was revealed within the aseismic PHS slab beneath the southwest
Japan Sea [Zhao et al., 2012] (Figure 16). Recent tomographic studies using much more and better seismic
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Figure 16. Vp azimuthal anisotropy and the estimated mantle ﬂow pattern of the Japan subduction zone. (a, b) Map views and vertical cross sections along (c, e) the
proﬁle A and (d, f) the proﬁle B shown in Figure 16a. This 3-D Vp model is obtained by a joint inversion of the P and S wave traveltime data of both local and
teleseismic events. The black arrows denote the estimated ﬂow directions. The other labeling is the same as those in Figures 3 and 4.

data have conﬁrmed these features [Huang et al., 2013; Asamori and Zhao, 2015; Liu and Zhao, 2016]. The
high-V PHS slab also shows obvious high-Q anomalies in the shallow upper mantle [Liu and Zhao, 2015].
Future detailed seismic attenuation studies may help to clarify the attenuation features in and around the
slab window within the aseismic PHS slab. Based on the results of isotropic velocity tomography, laboratory
experiments and numerical modeling, Asamori and Zhao [2015] suggested that a quasi-toroidal mantle ﬂow
may exist around the slab window within the PHS slab.
In the mantle below the Paciﬁc slab, signiﬁcant low-V anomalies have been revealed by many local, regional,
and global tomographic studies [e.g., Zhao et al., 1994, 2012; Huang and Zhao, 2006; Abdelwahed and Zhao,
2007; Wei et al., 2012; Asamori and Zhao, 2015]. These low-V anomalies are visible down to at least ~1100 km
depth [Wei et al., 2015; Zhao, 2015]. Beneath NE Japan, the subslab low-V anomalies exhibit a sheet-like zone
subparallel to the Paciﬁc slab at depths of ~150–700 km [Liu and Zhao, 2016]. Despite the lack of constraints
from seismic anisotropy, the previous studies have suggested that this sheet-like low-V zone might reﬂect a
descending asthenosphere beneath NE Japan together with the subducting Paciﬁc slab. In addition, such a
descending asthenosphere may be also affected by hot mantle upwelling from the deeper mantle as
revealed by global tomography [Obayashi et al., 2013; Zhao, 2015; Liu and Zhao, 2016].
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Our present results (Figures 3–16) have conﬁrmed most of these seismic velocity heterogeneities. Our
detailed resolution tests also show that these features are very reliable and robust (see the supporting information for details). In addition, our results (Figures 3, 6, 9, 10, 15, and 16) provide direct seismic anisotropy
constraints on the mantle ﬂow pattern in the Japan subduction zone, which are discussed in the following.
5.2. Seismic Anisotropy and Subduction Dynamics
Seismic azimuthal anisotropy in the Japan subduction zone was ﬁrstly revealed by shear wave splitting measurements [e.g., Ando et al., 1983; Okada et al., 1995; Hiramatsu et al., 1997; Anglin and Fouch, 2005; Nakajima
et al., 2006; Huang et al., 2011a; Long, 2013; Savage et al., 2016]. These studies revealed trench-normal fast
shear wave polarization directions (FPDs) in the volcanic front and back-arc areas and trench-parallel FPDs
in the fore-arc areas. Although some authors have made shear wave splitting measurements using local shallow and deep earthquakes and receiver functions to reveal the anisotropy in multiple layers [e.g., Huang et al.,
2011a; Watanabe and Oda, 2014], it was still hard to distinguish the azimuthal anisotropy in the crust, mantle
wedge, and the subducting slab due to the poor depth resolution of the shear wave splitting measurements.
Hirahara and Ishikawa [1984] attempted to determine a 3-D Vp anisotropic model of the Japan subduction
zone using P wave traveltime data, and they found that the FVDs in the subducting Paciﬁc and PHS slabs
appear to be normal to the paleomagnetic lineations in the western Paciﬁc Ocean ﬂoors near the trench axes.
Hirahara [1988] attempted to detect 3-D Vp anisotropy within low-V anomalies beneath active arc volcanoes
in central Japan, but he did not succeed possibly due to the very sparse seismic network then available in
Japan. Ishise and Oda [2005] determined a 3-D model of Vp azimuthal anisotropy beneath NE Japan and
revealed trench-normal FVDs in the mantle wedge and trench-parallel FVDs in the subducting Paciﬁc slab.
Applying an improved tomographic method to a large number of high-quality traveltime data, Wang and
Zhao [2008] updated the Vp azimuthal anisotropy tomography beneath NE Japan. Since then many studies
have been made to constrain the 3-D Vp anisotropic structure beneath the Japan Islands [e.g., Ishise and
Oda, 2008; Wang and Zhao, 2009, 2010, 2012; Ishise et al., 2009, 2015; Huang et al., 2011b, 2015; Cheng
et al., 2011; Tian and Liu, 2013; Liu et al., 2013a; Niu et al., 2016]. All these studies have shown that the mantle
wedge exhibits trench-normal FVDs, whereas the subducting slabs exhibit trench-parallel FVDs beneath the
Japan Islands, though signiﬁcant along-arc variations are also revealed in the anisotropic structure. These previous studies have focused on the shallow part (<~200 km depth) beneath Japan. Our present azimuthal anisotropy results (Figures 3, 6, 9, and 10) reveal the anisotropic structure of the entire Japan subduction zone
down to ~400 km depth.
Our results (Figures 3, 6, 9, and 10) show that obvious trench-parallel FVDs exist in the high-V subducting
Paciﬁc and PHS slabs. This feature is consistent with the above mentioned previous results, indicating that
our Vp and Vs anisotropic tomography method is effective. Results of Pn wave velocity azimuthal anisotropy
show that the FVD is generally parallel to the transform faults in the Paciﬁc plate near Hawaii [Morris et al.,
1969]. Shear wave splitting measurements around Hawaii show that the FPD is also parallel to the fossil
spreading direction of the Paciﬁc plate [Collins et al., 2012]. In addition, many seismic studies made in the
western Paciﬁc region also revealed obvious Vp azimuthal anisotropy with FVDs generally normal to the
paleomagnetic lineations in the Paciﬁc plate [e.g., Oikawa et al., 2010; Kodaira et al., 2014; Shintaku et al.,
2014]. However, subduction may overprint the slab fossil fabric [Eakin et al., 2016]. Figure 15b shows the azimuthal anisotropy in the subducting Paciﬁc slab beneath NE Japan, which reveals that the FVD in the slab is
generally oblique to the paleomagnetic lineations in the Paciﬁc plate near the Japan Trench and subparallel
to the normal faults produced at the outer-rise area near the trench axis. We think that the trench-parallel
FVDs in the subducting slabs under Japan mainly reﬂect the frozen-in lattice-preferred orientation of aligned
anisotropic minerals such as olivine and also shape-preferred orientation such as the normal faults produced
at the outer-rise area near the trench axis [e.g., Faccenda et al., 2008]. A recent regional tomography study of
Vp azimuthal anisotropy [Wei et al., 2015] found that the trench-parallel FVDs in subducting slabs change with
depth, probably due to the effects of slab dehydration and metamorphic phase changes during the
plate subduction.
Signiﬁcant trench-normal FVDs exist in the mantle wedge with low-V anomalies beneath the volcanic front
and back-arc areas (Figures 3, 6, 9, 10, and 15a), which may reﬂect corner ﬂow in the mantle wedge due to
the slab subduction and dehydration [e.g., Iwamori and Zhao, 2000; Eberhart-Phillips and Henderson, 2004;
Ishise and Oda, 2008; Wang and Zhao, 2008; Zhao et al., 2016]. This feature is generally consistent with the
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above mentioned previous results of Vp azimuthal anisotropy tomography. Shear wave splitting measurements have revealed trench-parallel FPDs in the Japan fore-arc areas [e.g., Okada et al., 1995; Nakajima and
Hasegawa, 2004; Nakajima et al., 2006; Huang et al., 2011a], which are interpreted with different viewpoints
but generally attributing to seismic anisotropy in the fore-arc mantle wedge due to the mantle ﬂow with
different mineral fabrics under various conditions [e.g., Jung and Karato, 2001; Kneller et al., 2005; Karato
et al., 2008; Long and Silver, 2008; Katayama et al., 2009; Jung, 2011] or to the anisotropic structure in the
subducting slab [e.g., Faccenda et al., 2008; Healy et al., 2009]. These different arguments mainly result from
the poor depth resolution of the shear wave splitting measurements.
Our present results of 3-D Vp and Vs azimuthal anisotropy (Figures 3, 6, 9, 10, and 15) show that trenchparallel FVDs exist not only in the fore-arc mantle wedge tip at ~40 km depth but also in the subducting
Paciﬁc slab beneath NE Japan. The trench-parallel FVDs in the fore-arc mantle wedge tip may indicate B-type
olivine fabric and/or foliated antigorite serpentinite existing there [e.g., Kneller et al., 2005, 2008; McCormack
et al., 2013]. Small-scale convection may develop in the mantle wedge [e.g., Honda, 2011; Wirth and Korenaga,
2012], accounting for the “hot ﬁngers” model beneath NE Japan [Tamura et al., 2002]. Our present azimuthal
anisotropic results cannot offer robust constraints on the small-scale convection, as described by numerical
simulations [Morishige and Honda, 2011]. However, Vp radial anisotropy tomography revealed faster vertical
Vp in the mantle wedge under the volcano front [Wang and Zhao, 2013; Niu et al., 2016], which may indicate
hot and wet mantle upwelling associated with the small-scale convection within the large-scale corner ﬂow
in the mantle wedge.
Many numerical simulations have suggested that a toroidal mantle ﬂow pattern may exist around the subducting slab edge due to slab rollback or slab shape complexity [e.g., Stegman et al., 2006; Piromallo et al.,
2006; Jadamec and Billen, 2010; Faccenda and Capitanio, 2013]. Such a toroidal ﬂow pattern is also consistent with seismic anisotropy observations [e.g., Civello and Margheriti, 2004; Paul et al., 2014] and
geochemical data [e.g., Peccerillo et al., 2013; Klaver et al., 2016] in some subduction zones. Beneath SW
Japan, the young and warm PHS slab has a complex geometry, and a slab window exists within the aseismic
PHS slab (Figure 16a). Our present anisotropic results (Figures 16a and 16b) show obvious low-V anomalies
and toroidal FVDs existing in and around the PHS slab window. A possible toroidal mantle ﬂow pattern has
been proposed in and around the PHS slab window based on isotropic Vp and Vs tomographic results
[Asamori and Zhao, 2015]. Our present anisotropic results (Figures 16a and 16b) provide direct observational
evidence for the existence of the toroidal mantle ﬂow. Such a toroidal mantle ﬂow around the slab window
may also exist beneath the western U.S., where a circular pattern of anisotropic fast axis of split SKS waves was
revealed [Zandt and Humphreys, 2008]. We propose that the toroidal mantle ﬂow in and around the PHS slab
window mainly results from the hot and wet mantle upwelling caused by the joint effects of deep dehydration of the Paciﬁc slab and the convective circulation process in the mantle wedge above the Paciﬁc slab
(Figure 16).
Many seismic studies and numerical simulations have focused on the structural heterogeneity and anisotropy of the subslab mantle related to the fate of oceanic asthenosphere. During the slab subduction, signiﬁcant volumes of asthenosphere material will recycle back into the deep mantle following the slab [Liu
and Zhou, 2015]. A regional Vp azimuthal anisotropy tomography has revealed trench-normal FVDs in
the subslab mantle beneath NE Japan [Wei et al., 2015]. However, source side shear wave splitting measurements show trench-parallel FPDs existing in the subslab mantle beneath NE Japan [e.g., Long and Silver,
2008, 2009; Lynner and Long, 2014a,2014b]. Although the slab rollback may result in trench-parallel FPDs
in the subslab mantle [e.g., Faccenda and Capitanio, 2012, 2013], the entire Paciﬁc slab is under the compressive stress regime in the depth range of 200–600 km [Zhao, 2015], which indicates that the Paciﬁc slab
may not roll back at present. Results of trench migration are sensitive to the reference frame adopted
[Funiciello et al., 2008]. The Japan Trench is advancing according to a hot spot reference frame [Gripp
and Gordon, 2002], but it is retreating according to other reference frames [e.g., Gordon and Jurdy, 1986;
Steinberger et al., 2004]. One of reasons for this contrast is the poorly constrained back-arc deformation
[Funiciello et al., 2008]. The opening of the Japan Sea has been inactive, and the eastern margin of the
Japan Sea (the Eurasian or the Amur plate) is starting to subduct beneath NE Japan (the Okhotsk plate)
[e.g., Satake, 1986; Tanioka et al., 1995] (Figure 1), which indicate that the Japan Trench may not be retreating at present. Our results of azimuthal anisotropy tomography (Figures 3, 6, 9, 10, 15, and 16) show
obvious trench-parallel FVDs in the subducting Paciﬁc slab and trench-normal FVDs in the subslab mantle
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beneath NE Japan. The source side shear wave splitting measurements may reﬂect an integrated effect of
anisotropies in the Paciﬁc slab and the subslab mantle.
We propose that the signiﬁcant low-V anomalies with trench-normal FVDs in the subslab mantle beneath NE
Japan mainly reﬂect a subducting asthenosphere affected by hot mantle upwelling from the deeper mantle
[e.g., Zhao et al., 2012; Asamori and Zhao, 2015; Liu and Zhao, 2016]. Synthetic splitting measurements [Song
and Kawakatsu, 2012] suggest that the relatively gentle dip angle (~30°) of the Paciﬁc slab beneath NE Japan
may favor trench-parallel FVDs or FPDs in the subslab asthenosphere, based on the slab-entrained mantle
ﬂow with the A-type olivine fabric [Karato et al., 2008], which does not require slab rollback. However, our
present results do not support this suggestion. Future detailed studies of seismic anisotropy may help to
resolve this issue by assuming orthorhombic anisotropy with a more realistic tilted symmetry plane in the
modeling space [e.g., Eken et al., 2010; Song and Kawakatsu, 2012].

6. Conclusions
To understand better the 3-D anisotropic structure and dynamics of the Japan subduction zone, we determined detailed Vp and Vs azimuthal anisotropy tomography of the crust and upper mantle beneath the
Japan Islands, using a large number of high-quality P and S wave traveltimes of local earthquakes and teleseismic events. Main ﬁndings of this work are summarized as follows.
1. The subducting Paciﬁc and PHS slabs mainly exhibit trench-parallel FVDs, which may reﬂect frozen-in
lattice-preferred orientation of aligned anisotropic minerals formed at the mid-ocean ridge as well as
shape-preferred orientation such as normal faults produced at the outer-rise area near the trench axis.
2. Signiﬁcant trench-normal FVDs exist in the mantle wedge, which reﬂects corner ﬂow in the mantle wedge
due to the active subduction and dehydration of the oceanic plates.
3. Obvious toroidal FVDs and low-V anomalies exist in and around a window (hole) in the aseismic PHS slab
beneath SW Japan, which may reﬂect a toroidal mantle ﬂow pattern resulting from hot and wet mantle
upwelling caused by the joint effects of deep dehydration of the Paciﬁc slab and the convective circulation process in the mantle wedge above the Paciﬁc slab.
4. Signiﬁcant low-V anomalies with trench-normal FVDs exist in the mantle below the Paciﬁc slab beneath
NE Japan, which may reﬂect a subducting oceanic asthenosphere affected by hot mantle upwelling from
the deeper mantle.

Appendix A
A1. Body Wave Velocity Azimuthal Anisotropy
According to Backus [1965] and Crampin [1981], velocities of seismic body waves propagating along a
symmetry plane a in a weak anisotropic medium can be expressed as follows:
V 2P ¼ D þ E cos 2θ þ F cos 4θ;

(A1)

V 2SR ¼ G þ Hcos 2θ;

(A2)

V 2SP

¼ I þ J cos 4θ;

(A3)

where θ is the angle between the body wave propagation vector in the plane a and the axis of the intersection of two mutually orthogonal symmetry planes a and b (Figure A1); VP, VSR, and VSP are velocities of P, SR,
and SP waves, respectively; SR and SP waves are shear waves propagating in the plane a and being polarized
normal and parallel to the plane, respectively; D, E, F, G, H, I, and J are parameters related to the elastic moduli
and density.
Equations (A1)–(A3) are valid for many types of anisotropic media, such as cubic, hexagonal, tetragonal, and
orthorhombic systems [Crampin, 1981]. Although minerals in the Earth’s interior have different lattice
systems, typical anisotropic mantle minerals (e.g., olivine and enstatite) sampled at the surface are mainly
hexagonal and orthorhombic, and the orthorhombic part becomes predominant as depth increases in the
upper mantle [Browaeys and Chevrot, 2004]. To facilitate the calculation with a fewer parameters, most researchers have assumed a weak hexagonal or orthorhombic anisotropy existing in the modeling space and ignored
the 4θ terms due to their very small effects on the observed seismic data [e.g., Raitt et al., 1969; Hearn, 1984,

LIU AND ZHAO

AZIMUTHAL ANISOTROPY OF JAPAN

5105

Journal of Geophysical Research: Solid Earth

10.1002/2016JB013116

Figure A1. The coordinate system specifying a ray (the blue line) and the orthorhombic anisotropy with three mutually
orthogonal binary symmetry axes (the red lines). Two binary symmetry axes are in the horizontal symmetry plane a. The
plane b is a vertical symmetry plane. A ray is located in the vertical plane c. The polarization directions of P wave and SV
polarized wave are also in the vertical plane c, whereas the polarization direction of SH polarized wave is normal to the
plane c. i is the ray incident angle; ψ is fast-velocity direction; ϕ is ray path azimuth; θ is the angle between the propagation
vector in the plane a and the axis of the intersection of two mutually-orthogonal symmetry planes a and b; β is the included
angle between the polarization directions of a general S wave and an SV polarized wave with the same propagation
direction.

1996; Ishise and Oda, 2005; Wang and Zhao, 2008, 2013; Díaz et al., 2013; Buehler and Shearer, 2014; Wei et al.,
2015]. Thus, equation (A1) can be simpliﬁed as
SP ¼ SP0 þ M cos2θ;

(A4)

where SP is the total P wave slowness, SP0 is the azimuthal average P wave slowness (i.e., the isotropic component), and M is a parameter for anisotropy [e.g., Barclay et al., 1998; Eberhart-Phillips and Henderson, 2004;
Wang and Zhao, 2008, 2013].
To investigate Vp azimuthal anisotropy, researchers usually adopt P wave slowness of a horizontal ray and
assume a horizontal hexagonal symmetry axis for the hexagonal anisotropy, or a horizontal symmetry plane
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for the orthorhombic anisotropy, existing in the modeling space [e.g., Hearn, 1996; Díaz et al., 2013; Buehler
and Shearer, 2014] (Figure A1a). Thus, equation (A4) can be rewritten as
SP ¼ SP0 þ Acos2ϕ þ B sin2ϕ;

(A5)

where ϕ is the ray path azimuth, A =  Mcos(2ψ) and B =  Msin(2ψ) are the azimuthal anisotropy parameters, and ψ is the fast-velocity direction (FVD).
For a general P wave with an incident angle i, assuming hexagonal anisotropy with a horizontal hexagonal
symmetry axis, or orthorhombic anisotropy with a horizontal symmetry plane existing in the modeling space,
equation (A4) can be written as
SP ¼ SP0 þ sin2 iðMcos2θÞ þ kcos2 iM;

(A6)

where k deﬁnes the amount of anisotropy for a vertical ray path [Eberhart-Phillips and Henderson, 2004]. For
hexagonal anisotropy with a horizontal hexagonal symmetry axis, k can be set to 1 or 1. If k = 1, then the
vertical velocity is equal to the slowest velocity in the horizontal plane, i.e., VPV ≤ VPH in the modeling space,
where VPV and VPH are P wave velocities in the vertical and horizontal directions, respectively. If k = 1, then
the vertical velocity is equal to the fast velocity in the horizontal plane, i.e., VPV ≥ VPH in the modeling space
[e.g., Wang and Zhao, 2008]. If k = 0, then the slowness along a vertical ray path is SP0, i.e., assuming that
orthorhombic anisotropy with a horizontal symmetry plane exists in the modeling space (Figure A1b).
When k = 0, equation (A6) is simpliﬁed as
SP ¼ SP0 þ sin2 iðMcos2θÞ:

(A7)

In practice, when using a real data set, different values of k generally result in a similar pattern of anisotropic
results [e.g., Eberhart-Phillips and Henderson, 2004; Eberhart-Phillips and Reyners, 2009; Wang and Zhao,
2008, 2013].
The behavior of an S wave propagating in an anisotropic medium is more complex than that of a P wave; for
example, the well-known shear wave splitting would occur [e.g., Savage, 1999; Maupin and Park, 2007; Long,
2013; Eken and Tilmann, 2014]. When an S wave traverses an anisotropic medium, it splits into fast and slow
waves with polarization directions perpendicular to each other. The time difference between the fast and
slow S waves reﬂects the strength of anisotropy in the medium. In contrast, in the above mentioned studies
of Vp azimuthal anisotropy, the anisotropy is demonstrated by Vp variations with its propagation direction.
Equations (A2) and (A3) indicate that the S wave velocity (Vs) variation due to anisotropy depends on not only
the propagation direction but also the polarization direction. Considering that the velocity of an S wave propagating along the [100] axis and polarizing parallel to the [010] axis of a monocrystal of olivine is the same as
that of an S wave propagating along the [010] axis and polarizing parallel to the [100] axis (Figure S1a)
[Kumazawa and Anderson, 1969; Babuska and Cara, 1991], we assume that the anisotropy due to the propagation effect (Mpr) is equivalent to the anisotropy due to the polarization effect (Mpo), that is,
Mpr ¼ Mpo ¼

M
:
2

When k = 0, similar to equation (A7), the S wave slowness can be expressed as




SSV ¼ SS0 þ sin2 i Mpr cos2θ þ cos2 i Mpo cos2θ ;

(A8)

(A9)

where SSV is the total slowness of the SV polarized wave, SS0 is the azimuthal average S wave slowness (i.e., the
isotropic component), sin2i  (Mprcos2θ) represents the propagation effect, and cos2i  (Mpocos2θ) denotes the
polarization effect (Figure A1c); and


SSH ¼ SS0 þ sin2 i Mpr cos2θ þ Mpo cos2ðθ þ π =2 Þ;
(A10)
where SSH is the total slowness of the SH polarized wave, and Mpo cos2ðθ þ π =2 Þ denotes the polarization
effect (Figure A1d). By considering equation (A8), equations (A9) and (A10) can be simpliﬁed to the following:

SSH
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In addition, considering the included angle β between the polarization directions of a general S wave and an
SV polarized wave with the same propagation direction (Figure A1e), we propose that the slowness of the
general S wave can be approximately expressed as






SS ¼ SS0 þ sin2 i Mpr cos2θ þ cos2 βcos2 i Mpo cos2θ  sin2 β Mpo cos2θ ;
(A13)
where SS is the total slowness of the general S wave, and cos2β  cos2i  (Mpocos2θ)  sin2β  (Mpocos2θ) represents the polarization effect. By considering equation (A8), equation (A13) can be simpliﬁed as
SS ¼ SS0 þ


1 2
sin i þ cos2 βcos2 i  sin2 β Mcos2θ:
2

(A14)

Thus, we take the polarization effect into account to evaluate the slowness variation of a general S wave
with its propagation direction in equation (A14). For example, a horizontal SV polarized wave (when i ¼ π2
and β = 0) has a slowness variation with a 2θ dependence in equation (A14), similar to the SR wave as
shown in equation (A2). The slowness of the horizontal SH polarized wave (when i ¼ π2 and β ¼ π2) is always
SS0 in equation (A14), which is similar to the SP wave as shown in equation (A3) by neglecting the 4θ term.
A2. P Wave Velocity Azimuthal Anisotropy Tomography
In this study, we adopt equation (A7), that is, assuming orthorhombic anisotropy with a horizontal symmetry
plane existing in the modeling space. Thus, the P wave traveltime TPn of the nth ray segment with a length d
can be expressed as


T Pn ¼ dSPn ¼ d SP0n þ sin2 i n ðAn cos2ϕ n þ Bn sin2ϕ n Þ ;
(A15)
where SPn is the total P wave slowness of the ray segment, SP0n is the isotropic P wave slowness at the middle
point of the ray segment, in and ϕ n are the incident angle and azimuth of the ray segment, respectively,
An =  Mncos(2ψ n) and Bn =  Mnsin(2ψ n) are the azimuthal anisotropy parameters at the middle point, Mn
is a parameter for anisotropy at the middle point, and ψ n is the FVD at the middle point which is given by
8
  (π
>
; An > 0
>
1 1 Bn
>
>
þ 2
tan
>
>
2
A
>
n
>
0; An: <0
<
9
π
ψn ¼
(A16)
 ; B > 0>
>
=
>
> 4 n
>
>
; A ¼ 0:
>
>
π
> n
>
: ; Bn < 0 ;
4
n
, equation (A15) can be rewritten as
By deﬁning APn ¼ SAP0nn and BPn ¼ SBP0n



T Pn ¼ d 1 þ sin2 i n ðAPn cos2ϕ n þ BPn sin2ϕ n Þ =V P0n ;

(A17)

where VP0n is the isotropic Vp at the middle point of the ray segment. Then the amplitude αPn of the Vp
azimuthal anisotropy at the middle point can be expressed as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
APn
þ BPn
V Pf n  V Psn
Mn
¼
¼
αPn ¼
;
(A18)
2
2V P0n
SP0n  M2n =SP0n 1  APn
þ B2
Pn

where VPfn and VPsn are P wave velocities in the fast and slow directions, respectively. The partial derivatives of
P wave traveltime TPn with respect to the isotropic P wave velocity VP0n and two anisotropic parameters (APn
and BPn) are

LIU AND ZHAO



∂T Pn
¼ d 1 þ sin2 in ðAPn cos2ϕ n þ BPn sin2ϕ n Þ =V P0n 2 ;
∂V P0n

(A19)

∂T Pn
d
¼
sin2 i n cos2ϕ n ;
∂APn V P0n

(A20)

∂T Pn
d
¼
sin2 in sin2ϕ n :
∂BPn V P0n

(A21)
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For a well-located local earthquake or a teleseismic event, the observation equation relating the observed
local-earthquake P wave traveltime residuals or the teleseismic P wave relative traveltime residuals rp to
P0n
the isotropic Vp perturbations δV
V P0n and the perturbations of azimuthal anisotropy parameters δAPn and
δBPn can be expressed as
rP ¼

X  ∂T Pn
n

∂V P0n

V P0n

δV P0n
V P0n

"


þ

X ∂T Pn
n

∂APn


δAPn

þ

X ∂T Pn
n

∂BPn

#
δBPn

þ EP ;

(A22)

where EP represents higher-order terms of perturbations and error of the P wave data.
We set up two 3-D grid nets in the modeling space. One grid net is for expressing the 3-D isotropic Vp
whose perturbations from a starting 1-D velocity model at every grid node are taken as unknown parameters. The starting 1-D velocity model (Figure S1b) is derived from the CRUST1.0 model [Laske et al.,
2013] and the IASP91 Earth model [Kennett and Engdahl, 1991]. The other grid net is for expressing the
Vp azimuthal anisotropy. The perturbations of two azimuthal anisotropy parameters (AP and BP) assigned
to each grid node are also taken as unknown parameters. The isotropic Vp perturbation at any point in
the modeling space is computed by linearly interpolating its perturbations at the eight grid nodes
surrounding that point. This linear interpolation scheme is also adopted for computing perturbations of
the two azimuthal anisotropy parameters. An efﬁcient 3-D ray tracing technique [Zhao et al., 1992] is used
to compute theoretical traveltimes and ray paths. In practice, we compute the ray paths using the 3-D isotropic Vp model and then calculate the theoretical traveltimes by taking the Vp azimuthal anisotropy into
account. The depths of crustal layers in the CRUST1.0 model [Laske et al., 2013] and station elevations
are also taken into account in the 3-D ray tracing. The LSQR algorithm [Paige and Saunders, 1982] is used
to solve the observation equation (A22). Smoothing and damping regularizations are adopted to suppress
the dramatic short-scale variations of VP0, AP, and BP anomalies during the tomographic inversion. The ﬁnal
tomographic results are obtained after 10 iterations (Table S1). Hypocentral parameters of the local
earthquakes and relative traveltime residuals of the teleseismic events are redetermined for the obtained
3-D isotropic Vp model after each iteration. To minimize the effect of uncertainties of the initial isotropic
velocity model, the ﬁnal isotropic Vp perturbation at each grid node is calculated from the average of
the obtained isotropic Vp perturbations at each depth. After the tomographic inversion, the FVD and the
amplitude of Vp azimuthal anisotropy at each grid node are calculated from the obtained AP and BP using
equations (A16) and (A18), respectively.
A3. S Wave Velocity Azimuthal Anisotropy Tomography
Similar to the Vp azimuthal anisotropy tomography, we adopt equation (A14) for the Vs azimuthal anisotropy tomography, that is, assuming orthorhombic anisotropy with a horizontal symmetry plane existing
in the modeling space. Thus, the S wave traveltime TSn of the nth ray segment with a length d can be
expressed as
T Sn ¼ dSSn ¼ d SS0n þ

Cn
ðAn cos2ϕ n þ Bn sin2ϕ n Þ ;
2

(A23)

where Cn = sin2in + cos2βn  cos2in  sin2βn, SSn is the total S wave slowness of the ray segment, SS0n is the isotropic S wave slowness at the middle point of the ray segment, and βn is the included angle between the
polarization directions of the ray segment and an SV polarized wave with the same propagation direction.
A fundamental assumption for equation (A23) is that the polarization direction of the S wave, or βn, has
almost no change when the S wave passes through the nth ray segment with a length d, which means a weak
shear wave splitting effect, if d is small enough. We think that this assumption is reasonable.
By deﬁning ASn ¼ SAS0nn and BSn ¼ SBS0nn , equation (A23) can be rewritten as
T Sn ¼ d 1 þ

Cn
ðASn cos2ϕ n þ BSn sin2ϕ n Þ =V S0n ;
2

(A24)

where VS0n is the isotropic Vs at the middle point of the ray segment. Then the amplitude αSn of the Vs azimuthal anisotropy at the middle point can be expressed as
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cos βn Mn
¼
2V S0n
2SS0n  cos4 βn M2n =2SS0n
2
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qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A2Sn þ B2Sn
 2
 ;
¼
2  cos4 βn  ASn þ B2Sn =2
cos2 βn 

(A25)

where VSfn and VSsn are S wave velocities in the fast and slow directions, respectively. The partial derivatives of
traveltime TSn with respect to VS0n and two anisotropic parameters (ASn and BSn) are
∂T Sn
Cn
¼ d 1 þ ðASn cos2ϕ n þ BSn sin2ϕ n Þ =V 2S0n ;
∂V S0n
2

(A26)

∂T Sn
d Cn
¼
 cos2ϕ n ;
∂ASn V S0n 2

(A27)

∂T Sn
d Cn
¼
 sin2ϕ n :
∂BSn V S0n 2

(A28)

For a well-located local earthquake or a teleseismic event, the observation equation relating the observed
local-earthquake S wave traveltime residuals or the teleseismic S wave relative traveltime residuals rs to the
isotropic Vs perturbations

δV S0n
V S0n

and the perturbations of azimuthal anisotropy parameters (δASn and δBSn)

can be expressed as
rS ¼

X  ∂T Sn
n

∂V S0n

V S0n

δV S0n
V S0n


þ

"
X ∂T Sn
n

∂ASn


δASn

þ

X ∂T Sn
n

∂BSn

#
δBSn

þ ES ;

(A29)

where ES represents higher-order terms of perturbations and error of the S wave data.
 
In practice, the value of βn ∈ 0; π2 is hard to determine precisely. To obtain βn for the data set used in this study,
we adopt a grid search approach over the angle range 0°–90° with an interval of 10°. After conducting 10
tomographic inversions with different values of βn, we ﬁnd that the root-mean-square (RMS) S wave traveltime residual becomes the minimum when βn = 0 (Figure S2). Hence, in this study we adopt βn = 0. Thus,
equations ((A26)–(A28)) are simpliﬁed to the following:
∂T Sn
1
¼ d 1 þ ðASn cos2ϕ n þ BSn sin2ϕ n Þ =V 2S0n ;
2
∂V S0n

(A30)

∂T Sn
d 1
¼
 cos2ϕ n ;
∂ASn V S0n 2

(A31)

∂T Sn
d 1
¼
 sin2ϕ n :
∂BSn V S0n 2

(A32)

The inversion method for the Vs azimuthal anisotropy tomography is similar to that for the Vp azimuthal
anisotropy tomography. We also set up two 3-D grid nets in the modeling space for expressing the 3-D
isotropic Vs model and Vs azimuthal anisotropy. Perturbations of the isotropic Vs and two azimuthal
anisotropic parameters (AS and BS) at every grid node are taken as unknown parameters. The LSQR
algorithm is adopted to solve the observation equation (A29) relating the observed local and teleseismic
S wave traveltimes to the unknown parameters. The ﬁnal tomographic results are obtained after 10
iterations (Table S1). After the tomographic inversion, the FVD and the amplitude of Vs azimuthal anisotropy at each grid node are calculated from the obtained AS and BS using equations (A16) and
(A25), respectively.
A4. Joint Inversion of P and S Wave Data for Anisotropic Tomography
In both of the Vp and Vs azimuthal anisotropy tomography as mentioned above, we assume that orthorhombic anisotropy with a horizontal symmetry plane exists in the modeling space, that is, k = 0. In addition, an
anisotropic parameter M in the modeling space is assumed to be suitable for expressing both Vp and Vs azimuthal anisotropy. Under these fundamental assumptions, we further modify the Vp azimuthal anisotropy
tomographic method of Wang and Zhao [2008] to invert the P and S wave traveltime data of both local
and teleseismic events simultaneously for 3-D isotropic Vp and Vs tomography and azimuthal anisotropy
beneath the Japan Islands.
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As shown in equations (A15) and (A23), with k = 0 and βn = 0, the partial derivatives of P and S wave traveltimes (TPn and TSn) with respect to the isotropic P and S wave velocities (VP0n and VS0n) and two anisotropic
parameters (An and Bn) are
∂T Pn
¼ d=V 2P0n ;
∂V P0n

(A33)

∂T Pn
¼ dsin2 i n cos2ϕ n ;
∂An

(A34)

∂T Pn
¼ dsin2 i n sin2ϕ n ;
∂Bn

(A35)

∂T Sn
¼ d=V 2S0n ;
∂V S0n

(A36)

∂T Sn 1
¼ dcos2ϕ n ;
2
∂An

(A37)

∂T Sn 1
¼ dsin2ϕ n :
2
∂Bn

(A38)

The joint inversion approach is similar to that for the separate Vp and Vs inversions as mentioned above. To
express the 3-D Vp and Vs isotropic tomography and azimuthal anisotropy, two 3-D grid nets are set up in the
modeling space. Perturbations of isotropic Vp and Vs and two azimuthal anisotropic parameters (A and B) at
every grid node are taken as unknown parameters. Similar to equations (A22) and (A29), the observation
equations relating the local and teleseismic P and S wave data to the unknown isotropic P and S wave velocities (VP0 and VS0) and azimuthal anisotropy parameters (A and B) can be written as
8
 "X 
 X
#
X  ∂T Pn
δV P0n
∂T Pn
∂T Pn
>
>r ¼
>
þ
þ
þ EP
V
δA
δB
P0n
n
n
>
< P
∂V P0n
V P0n
∂An
∂Bn
n
n
n
:
(A39)
 "X 
 X
#
>
X  ∂T Sn
>
δV S0n
∂T Sn
∂T Sn
>
>
þ
þ ES
V S0n
δAn þ
δBn
: rS ¼
∂V S0n
V S0n
∂An
∂Bn
n
n
n
Then the amplitudes (αP and αS) of the Vp and Vs azimuthal anisotropies can be expressed as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8
>
A2n þ B2n
>
>
>
< αPn ¼
 2

2
SP0n pAﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n þ Bn =S
ﬃ P0n :
2
>
>
An þ Bn 2
>α ¼
>


: Sn
2SS0n  A2n þ B2n =2SS0n

(A40)

The LSQR algorithm is adopted to solve the observation equation (A39). The ﬁnal tomographic results are obtained
after 10 iterations (Table S1). After the tomographic inversion, the FVD and the amplitude of azimuthal anisotropy at
each grid node are calculated from the obtained A and B using equations (A16) and (A40), respectively.

Notation
plane a
plane b
plane c
i
k
n
rp
rS
A, B
AP, BP
LIU AND ZHAO

A horizontal symmetry plane
A vertical symmetry plane
A vertical plane parallel to the ray propagation direction
Incident angle of a ray
A parameter deﬁning the amount of anisotropy for a vertical ray
A subscript deﬁning some parameters for the nth ray segment
Observed local-earthquake P wave traveltime residual or observed teleseismic P wave
relative traveltime residual
Observed local-earthquake S wave traveltime residual or observed teleseismic S wave
relative traveltime residual
Azimuthal anisotropy parameters
Vp azimuthal anisotropy parameters, AP ¼ SAP0 , BP ¼ SBP0
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AS, BS
D, E, F, G, H, I, J
EP, ES
M
Mpr
Mpo
SR wave
SP wave
SV wave
SH wave
SSV, SSH
SP, SS
SP0, SS0
TP, TS
VP, VS
VP0, VS0
VSR, VSP
VPV, VPH
VPf, VPs
VSf, VSs
αP → αS
β
ϕ
θ
ψ
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Vs azimuthal anisotropy parameters, AS ¼ SAS0 , BS ¼ SBS0
Parameters related to the elastic moduli and density
Higher-order terms of perturbations and errors of P and S wave data, respectively
A parameter deﬁning the total anisotropy
A parameter deﬁning anisotropy due to the propagation effect, Mpr ¼ M2
A parameter deﬁning anisotropy due to the polarization effect, Mpo ¼ M2
A shear wave propagating in the plane a and being polarized normal to the plane a
A shear wave propagating in the plane a and being polarized parallel to the plane a
A shear wave propagating in the plane c and being polarized parallel to the plane c
A shear wave propagating in the plane c and being polarized normal to the plane c
Slownesses of SV and SH polarized waves
Slownesses of P wave and S wave
Slownesses of isotropic P wave and S wave
P and S wave traveltimes
P and S wave velocities
Isotropic P and S wave velocities
SR and SP wave velocities
P wave velocities in the vertical and horizontal directions, respectively
P wave velocities in the fast and slow directions, respectively
S wave velocities in the fast and slow directions, respectively
Amplitudes of the Vp and Vs azimuthal anisotropies, respectively
Included angle between the polarization directions of a general S wave and an SV polarized
wave with the same propagation direction
Ray azimuth
Angle between the body wave propagation vector in the plane a and the axis of the
intersection of two mutually orthogonal symmetry planes a and b
Fast-velocity direction (FVD)
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