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S U M M A R Y

We determined high-resolution P-wave tomography for 3-D radial and azimuthal anisotropy

of the Tohoku and Kyushu subduction zones using a large number of high-quality arrival-time

data of local earthquakes recorded by the dense seismic network on the Japan Islands. Trench-

normal P-wave fast-velocity directions (FVDs) are revealed in the backarc mantle wedge in

both Tohoku and Kyushu, which are consistent with the model of slab-driven corner flow.

Trench-parallel FVDs with amplitude <4 per cent appear in the forearc mantle wedge under

Tohoku and Kyushu, suggesting the existence of B-type olivine fabric there. Trench-parallel

FVDs are also visible in the mantle wedge under the volcanic front in Tohoku but not in

Kyushu, suggesting that 3-D flow may exist in the mantle wedge under Tohoku and the 3-D

flow is affected by the subduction rate of the oceanic plate. Negative radial anisotropy (i.e.

vertical velocity being faster than horizontal velocity) is revealed in the low-velocity zones in

the mantle wedge under the arc volcanoes in Tohoku and Kyushu as well as in the low-velocity

zones below the Philippine Sea slab under Kyushu, which may reflect hot upwelling flows and

transitions of olivine fabrics with the presence of water in the upper mantle. Trench-parallel

FVDs and positive radial anisotropy (i.e. horizontal velocity being faster than vertical velocity)

are revealed in the subducting Pacific slab under Tohoku and the Philippine Sea slab under

Kyushu, suggesting that the slabs keep their frozen-in anisotropy formed at the mid-ocean

ridge or that the slab anisotropy is induced by the lattice-preferred orientation of the B-type

olivine.
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1 I N T RO D U C T I O N

Seismic anisotropy is induced mainly by the lattice-preferred ori-

entation (LPO) of anisotropic minerals, especially olivine in the

mantle (e.g. Hess 1964; Mainprice 2007). The olivine α-axis is

generally assumed to be oriented nearly parallel to the flow di-

rection, thus the observed fast shear-wave polarization direction is

generally suggested to be parallel to the flow direction (e.g. Zhang

& Karato 1995). However, many studies have suggested that the

transitions of olivine fabric are induced by water content as well as

temperature (e.g. Durham & Goetze 1977; Nicolas & Christensen

1987; Jung & Karato 2001; Katayama et al. 2004; Katayama &

Karato 2006), pressure (e.g. Couvy et al. 2004; Mainprice et al.

2005; Raterron et al. 2007; Jung et al. 2009; Raterron et al. 2009;

Ohuchi et al. 2011) and partial melting (e.g. Holtzman et al. 2003).

In particular, fast shear-wave polarization direction is normal to

the flow direction where the B-type olivine fabric is suggested to

be dominant especially in the forcarc mantle wedge of subduction

zones (Karato et al. 2008). B-type olivine fabric is also suggested

to be formed in the high-stress, low-temperature slab-bending re-

gion near the trench, producing trench-parallel fast directions, with

larger anisotropy formed in older slabs which require more extensive

yielding to bend (Eberhart-Phillips & Reyners 2009). However, it is

still in question for the conditions inducing the transition of olivine

fabric from A-type to B-type (e.g. Couvy et al. 2004; Raterron et al.

2007; Karato et al. 2008; Jung et al. 2009).

Shear-wave splitting measurements frequently show trench-

parallel fast polarization directions beneath many forearc areas

(e.g. Smith et al. 2001; Nakajima & Hasegawa 2004; Pozgay

et al. 2007; Huang et al. 2011a,b). The trench-parallel azimuthal

anisotropy is possibly induced by the B-type olivine fabric dom-

inating in the forearc mantle wedge of slab-driven corner flow

(e.g. Katayama et al. 2004; Mizukami et al. 2004; Kneller et al.

2005), the extensively serpentinized mantle wedge rocks (e.g.

Kern et al. 1997; Katayama et al. 2009; Boudier et al. 2010),

or the 3-D flow in the mantle wedge (e.g. Behn et al. 2007;
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P-wave radial and azimuthal anisotropy 1167

Long & Silver 2008; Morishige & Honda 2011). However, Huang

et al. (2011a) compared their shear-wave splitting measurements

for local earthquakes in the subducting Pacific slab with those

for the crustal earthquakes beneath the Tohoku forearc and sug-

gested that the trench-parallel anisotropy exists mainly in the crust

rather than in the mantle wedge, and so they pointed out that it

is not necessary to attribute the trench-parallel shear-wave split-

ting to anisotropy in the forearc mantle wedge. Thus, it is hard

to conclude that trench-parallel anisotropy does exist in the fore-

arc mantle wedge with the shear-wave splitting measurements

alone.

In Tohoku, the old Pacific Plate is subducting beneath the Okhotsk

Plate from the Japan Trench at a rate of ∼9 cm yr–1 (Fig. 1b). In

Kyushu, the relatively young Philippine Sea (PHS) Plate is sub-

ducting beneath the Eurasian Plate from the Nankai Trough at a rate

of ∼5 cm yr–1 (Fig. 1d). Wang & Zhao (2008, 2012) investigated

P-wave azimuthal anisotropy in Northeast Japan and Southwest

Japan, respectively, but their models had a lower resolution, and so

the P-wave anisotropy was not well resolved in the forearc mantle

wedge under Tohoku and Kyushu. In this work, we developed a

new tomographic method to determine the first 3-D P-wave radial

anisotropy in both Tohoku and Kyushu subduction zones, as well as

high-resolution P-wave tomography for 3-D azimuthal anisotropy

in both regions. The high-resolution results of this work shed new

light on the structure and dynamics of subduction zones.

2 M E T H O D A N D DATA

The anisotropic media are common in the Earth’s interior, which

have been revealed by seismological observations and laboratory

studies (e.g. Anderson & Dziewonski 1982; Crampin 1984; Thom-

sen 1986). However, a fully anisotropic medium with 21 indepen-

dent elastic moduli is very difficult to deal with in both theory and

practice. Fortunately, the anisotropy with hexagonal symmetry is

a good approximation to the rocks in the Earth and reduces the

number of free parameters (e.g. Christensen 1984; Park & Yu 1993;

Maupin & Park 2007). For further simplification in geoscience, the

hexagonal symmetry is generally assumed to be horizontal when

the azimuthal anisotropy is concerned by the shear-wave splitting

measurements (e.g. Savage 1999; Nakajima & Hasegawa 2004;

Zhao & Xue 2010; Huang et al. 2011a,b) and P-wave velocity stud-

ies (e.g. Hess 1964; Backus 1965; Raitt et al. 1969; Hearn 1996;

Eberhart-Phillips & Henderson 2004); whereas the hexagonal sym-

metry is generally assumed to be vertical when the radial anisotropy

is concerned in the form of Vsh/Vsv variation (Vsh and Vsv are

the velocities of horizontally and vertically polarized shear waves,

Figure 1. Distributions of the local earthquakes (a, c) and seismic stations (b, d) used in this study. The black boxes in (b) and (d) show the present study areas

(Tohoku and Kyushu), plotted on a colour map of the topography (GTOPO30). The focal depths are shown in colour; its scale is shown in (a). The curved lines

in (a, c) denote the depth contours of the upper boundary of the subducting Pacific slab.
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1168 J. Wang and D. Zhao

respectively) in surface wave studies (e.g. Nettles & Dziewonski

2008; Fichtner et al. 2010; Yuan et al. 2011). In this work we have

attempted to study 3-D P-wave radial and azimuthal anisotropy in

the Japan subduction zone.

2.1 P-wave tomography for 3-D azimuthal anisotropy

To study the 3-D P-wave azimuthal anisotropy in Tohoku and

Kyushu, we adopted the anisotropic tomography method of Wang

& Zhao (2008, 2012) which was developed from the isotropic to-

mography method of Zhao et al. (1992), and the anisotropy method

is similar to that of Eberhart-Phillips & Henderson (2004).

Following the formulation of Barclay et al. (1998) for hexagonal

anisotropy based on θ , which is the angle between the propagation

vector and the symmetry axis, the P-wave slowness can be expressed

as

S = S0 + M cos (2θ ), (1)

where S is the total slowness, S0 is the average slowness (i.e.

isotropic component), M is the parameter for anisotropy. For weak

azimuthal anisotropy with a horizontal hexagonal symmetry axis

(Fig. S1a), the P-wave slowness can be approximately expressed as

(e.g. Backus 1965; Raitt et al. 1969; Hearn 1996; Eberhart-Phillips

& Henderson 2004)

S(φ) = S0[1 + A1 cos(2φ) + B1 sin(2φ)], (2)

where S is the total slowness, S0 is the azimuthal average slowness,

A1 and B1 are the azimuthal anisotropy parameters, φ is the ray path

azimuth. The fast-velocity direction (FVD) ψ and the amplitude α

of azimuthal anisotropy can be expressed as

ψ =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

1

2
tan−1

(

B1

A1

)

+

{

π

2
, A1 > 0

0, A1 < 0,

− π

4
, A1 = 0, B1 > 0,

π

4
, A1 = 0, B1 < 0,

α =
Vf − Vs

2V0

=

√

A2
1 + B2

1

1 − (A2
1 + B2

1 )
,

(3)

where V0 denotes the average isotropic velocity, Vf and Vs denote

the velocities in the fast and slow directions, respectively.

The relation between θ and the propagation vector could be de-

fined as (Eberhart-Phillips & Henderson 2004)

cos θ = sin i(sin φ sin ψ + cos φ cos ψ), (4)

where i is the incident angle of ray path. Thus for local earthquakes

within the modelling space, we have the following equation,

T obs
mn − T cal

mn =

(

∂T

∂ϕ

)

mn

	ϕn +

(

∂T

∂λ

)

mn

	λn +

(

∂T

∂h

)

mn

	hn

+ 	T0n +
∑

p

(

∂T

∂Vp

	Vp

)

+
∑

q

(

∂T

∂ A1q

	A1q +
∂T

∂ B1q

	B1q

)

+ Emn, (5)

where T obs
mn and T cal

mn are the observed and calculated travel times

from the nth event to the mth station, ϕn, λn, hn and T0n are the

latitude, longitude, focal depth and origin time of the nth event,

respectively, 	 denotes the perturbation of a parameter. Two 3-D

grid nets are set up in the modelling space, one grid net is for

expressing the 3-D isotropic velocity structure, whereas the other

grid net is for expressing the 3-D anisotropy structure. In eq. (5),

Vp is the isotropic velocity at the pth node of the first grid net,

whereas A1q and B1q are the azimuthal anisotropy parameters at

the qth node of the second grid net. Emn represents higher-order

terms of perturbations and errors in the data. The first four terms

on the right side of eq. (5) are the contributions of the hypocentral

parameters, which can be obtained using the method of Engdahl &

Lee (1976). For details, see Eberhart-Phillips & Henderson (2004)

and Wang & Zhao (2008).

2.2 P-wave tomography for 3-D radial anisotropy

We modified our tomography code for P-wave azimuthal anisotropy

(Wang & Zhao 2008) to determine the 3-D P-wave radial anisotropy

in Tohoku and Kyushu. If the hexagonal symmetry axis is vertical

(Fig. S1b), eq. (1) could be rewritten as (Ishise et al. 2012)

S = S0 + M cos(2i) = S0

[

1 +
M

S0

cos(2i)

]

= S0[1 + M1 cos(2i)]. (6)

The amplitude β of radial anisotropy can be expressed as

β =
Vph − Vpv

2V0

=
M1

1 − M2
1

, (7)

where Vph and Vpv are the P-wave velocities in the horizontal and

vertical directions, respectively. Thus, β > 0 represents that the

horizontally propagating P-wave travels faster than the vertical one,

that is, Vph/Vpv > 1.

Using eq. (6), we can get traveltime Tk of the kth ray segment

with length d as

Tk = dS = d[1 + M1k cos(2ik)]/Vk,

T =
∑

k

Tk,
(8)

where T is the total traveltime of the ray, Vk is the isotropic velocity

at the middle point of the kth ray segment, M1k is the parameter

for the radial anisotropy at the middle point of the kth ray segment,

ik is the incident angle of the kth ray segment. Thus, the partial

derivatives to the velocity and radial anisotropy are expressed as

∂T

∂Vk

= −d[1 + M1k cos(2ik)]/V 2
k ,

∂T

∂ M1k

=
d

Vk

cos(2ik). (9)

Similar to P-wave tomography for azimuthal anisotropy, Vk and

M1k at a point are calculated using linear interpolation of the pa-

rameters at the eight grid nodes surrounding that point. Then, the

traveltime residual can be written as

T obs
mn − T cal

mn =

(

∂T

∂ϕ

)

mn

	ϕn +

(

∂T

∂λ

)

mn

	λn +

(

∂T

∂h

)

mn

	hn

+ 	T0n +
∑

p

(

∂T

∂Vp

	Vp

)

+
∑

q

(

∂T

∂ M1q

	M1q

)

+ Emn . (10)

Eqs (5) and (10) are solved using the LSQR algorithm (Paige &

Saunders 1982).
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P-wave radial and azimuthal anisotropy 1169

2.3 Data and model setup

We used ∼150 000 high-quality P-wave arrival times from 1858 lo-

cal shallow and intermediate-depth earthquakes (Fig. 1a) recorded

by 381 seismic stations (Fig. 1b) in Tohoku. For studying P-wave

anisotropic structure in and around the PHS slab, we used ∼560 000

P-wave arrival times from 5249 local earthquakes (Fig. 1c) recorded

by 1088 seismic stations (Fig. 1d) in Southwest Japan. These lo-

cal events occurred during 2003 January to 2007 June and the first

P-wave arrival-time data were collected from original seismograms

with accuracy of 0.05–0.1 s by the staffs of Research Center for

Prediction of Earthquakes and Volcanic Eruptions, Tohoku Univer-

sity.

Following the previous studies of the Japan subduction zone

(e.g. Zhao et al. 1992, 2012; Wang & Zhao 2008, 2012), a slightly

modified J-B velocity model (Jeffreys & Bullen 1940) was adopted

as the starting velocity model, and the depth variations of the Conrad

and Moho discontinuities and the upper boundary of the subducting

Pacific slab were taken into account. The Pacific slab was assumed

to be 85 km thick and with 4 per cent faster P-wave velocity than

that of the surrounding mantle in the starting velocity model. A 3-D

net of grid nodes with a horizontal interval of 0.25◦ and at depths of

0, 10, 25, 40, 60, 80, 100, 120, 150, 180, 210, 240, 270 and 300 km

was set for both isotropic velocity variation and anisotropy.

3 R E S O LU T I O N A NA LY S I S

We conducted the checkerboard resolution tests (CRTs; Zhao

et al. 1992) to confirm the main features of the obtained P-wave

anisotropic tomography. In the input model of CRTs for azimuthal

anisotropy tomography, isotropic velocity anomalies of ±4 per cent

are alternatively assigned to the grid nodes, the FVDs at two adja-

cent grid nodes are perpendicular to each other (22.5◦ and 112.5◦)

with anisotropy amplitude of 2.8 per cent. Random errors in a nor-

mal distribution with a standard deviation of 0.1 s were added to the

theoretical arrival times calculated for the CRT input model. Figs 2

and 3 show the recovered images beneath the Tohoku and Kyushu

districts, respectively. The results of the CRTs show that the reso-

lution is generally good at depths <100 km, where trench-parallel

Figure 2. Results of a checkerboard resolution test for P-wave azimuthal anisotropy in Tohoku. In the input model, isotropic velocity anomalies of ±4 per cent

are assigned alternatively to the grid nodes, and the fast-velocity directions (FVDs) at two adjacent grid nodes are perpendicular to each other (22.5◦ and

112.5◦) with anisotropic amplitude of 2.8 per cent. Black and white circles denote low and high velocity perturbations, respectively. The azimuth and length of

bars represent the FVD and azimuthal anisotropy amplitude, respectively. The scales are shown at the bottom.
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1170 J. Wang and D. Zhao

Figure 3. The same as Fig. 2 but for the results of a checkerboard resolution test in Kyushu.

anisotropy was assumed to exist in the forearc mantle wedge (e.g.

Nakajima & Hasegawa 2004; Jung et al. 2006; Karato et al. 2008).

The recovered amplitude of the azimuthal anisotropy is nearly equal

to the input one (2.8 per cent). The anisotropic amplitude is affected

by the chosen damping parameter (Wang & Zhao 2008). The in-

version results were obtained after four iterations, and the damping

parameters for the anisotropic parameter were chosen to be 4.0,

8.0, 12.0 and 16.0 in the four iterations to avoid the underdamped

inversion. Fig. S2 shows the CRT result in Kyushu with a damp-

ing parameter 2.0 in the four iterations, and the anisotropic ampli-

tude becomes very large at some grid nodes, suggesting that the

anisotropic amplitude is affected significantly by the chosen damp-

ing parameter. Hence we have made great efforts to conduct many

inversions so as to find the optimal value of the damping parameter.

We also conducted similar CRTs for the radial anisotropy tomog-

raphy. In the input model of the CRT, isotropic velocity anomalies

of ±4 per cent and radial anisotropy amplitude of ±3 per cent were

alternatively assigned to the grid nodes in the input model for the

radial anisotropy tomography. Random errors in a normal distri-

bution with a standard deviation of 0.1 s were also added to the

theoretical arrival times. Figs 4 and 5 show the recovered images of

the checkerboard model in Tohoku and Kyushu, which indicate that

the resolution is very good at depths <100 km.

Although it is concerned that the inverted seismic anisotropy

could be induced by the unresolved structural heterogeneity (e.g.

Capdeville et al. 2010; Fichtner et al. 2010), the synthetic tests of our

previous studies (Wang & Zhao 2012, 2013) as well as the presents

ones show that the P-wave anisotropy can certainly be distinguished

from the velocity heterogeneity by our inversion algorithm when a

great amount of high-quality arrival-time data recorded by a dense

seismic network are used, such as the superb data set used in this

study.

4 R E S U LT S

4.1 Tohoku subduction zone

Fig. 6 shows map views of the obtained P-wave azimuthal

anisotropy tomography under Tohoku. The anisotropic pattern in

the upper mantle is generally consistent with that of the previous

studies, that is, trench-parallel FVDs appear in the forearc mantle

wedge and the subducting Pacific slab, while trench-normal FVDs

exist in the backarc mantle wedge (Wang & Zhao 2008, 2010; Cheng

et al. 2011; Huang et al. 2011c).

Fig. 7 shows a comparisons of the P-wave FVDs at 10 km

depth (red bars) with the S-wave polarizations (blue bars) of

the crustal events (Huang et al. 2011a) in Tohoku. Under the

forearc area, both the P-wave FVDs and the S-wave polar-

izations are primarily trench-parallel (nearly N–S direction),

which are consistent with the N–S strikes of the active reverse

faults in Tohoku (for information on the active faults, see the website

http://riodb02.ibase.aist.go.jp/activefault/cgi-bin/search.cgi?%20se

arch). The main difference is that S-wave polarizations exhibit

NWW-SEE FVDs in the volcanic area, which are suggested to be

parallel to the tectonic stress by Huang et al. (2011a). However, our
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P-wave radial and azimuthal anisotropy 1171

Figure 4. Results of a checkerboard resolution test for P-wave radial anisotropy in Tohoku. Isotropic velocity anomalies of ±4 per cent and radial anisotropy

amplitude of ±3 per cent are assigned alternatively to the grid nodes in the input model. Black and white circles denote low and high velocity perturbations,

respectively. The horizontal bars denote that the horizontal velocity is greater than the vertical velocity at each grid node, whereas the vertical bars denote that

the vertical velocity is greater than the horizontal velocity at each grid node. The length of bars denotes the radial anisotropy amplitude. The scales are shown

at the bottom.

previous results (Wang & Zhao 2008, 2010) showed complex and

nearly random P-wave FVDs in the upper crust. The comparison

suggests that the P-wave anisotropic tomography needs a very high

resolution to image the small-scale anisotropy induced mainly by

microcracks and cracks in the upper crust.

Fig. 8 shows comparisons of the obtained P-wave FVDs (red bars)

at six depths under Tohoku with the S-wave polarizations (blue bars)

of local intermediate-depth earthquakes in the Pacific slab measured

by Huang et al. (2011a; Figs 8a–f) and by Nakajima & Hasegawa

(2004) and Nakajima et al. (2006; Figs 8g–l). Our present P-wave

azimuthal anisotropy shows some new features. In the lower crust

(25 km depth), the P-wave FVDs are complex but become trench-

parallel near the Pacific coast. In the upper mantle, the P-wave

FVDs are generally trench-normal under the backarc area, whereas

they become nearly trench-parallel in the Pacific slab, in the forearc

mantle wedge at 40 km depth and beneath the volcanic front area

at depths of 60–100 km (Figs 6 and 8). The trench-parallel P-wave

FVDs in the forearc mantle wedge are imaged clearly at 40 km depth

with anisotropic amplitude of 2–3 per cent. In addition, the trench-

parallel FVDs appear in the Pacific slab and the mantle wedge at

80 and 100 km depths with anisotropic amplitude of 2–4 per cent.

However, trench-normal P-wave FVDs become dominant in the

forearc mantle wedge at 60 km depth. Our present results show

that the trench-parallel anisotropy in the forearc mantle wedge is

weak beneath Tohoku, which is consistent with the conclusion of

Huang et al. (2011a) that the S-wave splitting delay times of crustal

earthquakes make up ∼80 per cent of the total delay times of the

slab earthquakes under Tohoku.

Beneath the volcanic area in Tohoku, the P-wave FVDs are

generally trench-normal with anisotropic amplitude of ∼2 per cent

at 40 km depth, whereas they become nearly trench-parallel with

anisotropic amplitudes of ∼1 per cent at 60 km depth, very weak at

80 km depth, and increasing to ∼2 per cent close to the Pacific slab

at 100 km depth. However, these anisotropic features are not visible

in the shear-wave splitting measurements (Fig. 8) because they have

poor depth resolution.
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1172 J. Wang and D. Zhao

Figure 5. The same as Fig. 4 but for the results of a checkerboard resolution test in Kyushu.

Fig. 9 shows six east–west vertical cross-sections of P-wave radial

anisotropy tomography under Tohoku. We can see that negative

radial anisotropy (β < 0, i.e. vertical velocity > horizontal velocity,

as shown in vertical bars) generally appears in the low-velocity

(low-V) zones in the mantle wedge under the volcanic front and the

backarc region. In contrast, positive radial anisotropy (β > 0, i.e.

horizontal velocity > vertical velocity, as shown in horizontal bars)

generally appears in the subducting Pacific slab and high-velocity

(high-V) zones in the mantle wedge. However, the positive radial

anisotropy (β > 0) is also visible in some low-V zones in the forearc

mantle wedge as well as in a few low-V zones in the deeper portion

of the mantle wedge directly above the Pacific slab. As a whole, the

amplitude of the P-wave radial anisotropy is smaller than 5 per cent

in the upper mantle.

4.2 Kyushu subduction zone

Fig. 10 shows map views of the obtained P-wave azimuthal

anisotropy tomography under Kyushu. The P-wave FVDs are very

complex in the crust, while they are trench-normal in the backarc

mantle wedge and trench-parallel in the subducting PHS slab which

is clearly visible as a high-V zone. This pattern is similar to that of

a previous study of Southwest Japan (Wang & Zhao 2012). The P-

wave FVDs are generally trench-parallel with anisotropy amplitude

of 1–3 per cent in the forearc mantle wedge at depths of 40–80 km,

which was not revealed by Wang & Zhao (2012) because of the

lower resolution of their model. The trench-parallel P-wave FVD

with anisotropy amplitude of ∼4 per cent is imaged in the subduct-

ing PHS slab south of ∼32.7◦N, where the slab is older than 50 Ma.

Shear-wave splitting measurements of the intermediate-depth

earthquakes in the PHS slab revealed dominant E–W (trench-

normal) FVDs with delay times of ∼0.5 s in both the forearc

and backarc areas beneath middle-south Kyushu (Salah et al.

2009). However, trench-parallel S-wave polarization with delay time

of ∼1 s was revealed in the forearc beneath Kyushu using teleseismic

shear waves (S, SKS and SKKS) recorded by the F-net broadband

array (Long & van der Hilst 2005). Our present results show that

the trench-parallel anisotropy does exist in the forearc mantle wedge

and the subducting PHS slab beneath Kyushu.

Fig. 11 shows five vertical cross-sections of P-wave radial

anisotropy tomography beneath Kyushu. The images under Kyushu

are very similar to those under Tohoku (Fig. 9) that negative radial

anisotropy (β < 0, as shown in vertical bars) generally exists in the

low-V zones, whereas positive radial anisotropy (β > 0, as shown

in horizontal bars) is prominent in the subducting PHS slab (the

high-V zones).

4.3 Synthetic tests

To further examine the reliability of our P-wave anisotropy tomog-

raphy, we conducted two synthetic tests to investigate the possi-

ble trade-off between heterogeneity and anisotropy in our tomo-

graphic inversions. In the first test, similar to the CRT as men-

tioned above, isotropic velocity perturbations of ±4 per cent were

alternatively assigned to the grid nodes but neither azimuthal nor
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P-wave radial and azimuthal anisotropy 1173

Figure 6. Map views of P-wave azimuthal anisotropy tomography at six depths under Tohoku. Red and blue colors denote low and high isotropic-velocity

anomalies, respectively. The azimuth and length of each bar represent the P-wave fast-velocity direction and the anisotropy amplitude, respectively. Red curved

lines show the upper boundary of the subducting Pacific slab at each depth. Red and blue triangles denote the active and quaternary volcanoes, respectively.

The scales are shown at the bottom.

radial anisotropy were considered in the input model. The inverted

images are shown in Figs S3–S6. In the second test, the input

model contains 2.8 per cent azimuthal anisotropy or 3 per cent ra-

dial anisotropy without the isotropic velocity anomaly, and the in-

verted results are shown in Figs S7–S10. Although no anisotropy or

isotropic velocity anomaly was included in the input model, ghost

anisotropy or isotropic velocity anomalies do appear in the inversion

results because of the trade-off between anisotropy and heterogene-

ity. However, the ghost anisotropy or isotropic velocity anomalies

appearing in the inversion results are very weak and generally have

amplitudes of <1.0 per cent, indicating that the influence of the

trade-off is very small in our results, thanks to the excellent data set

used in this study.

To confirm the main features of the inverted results, we made two

more synthetic tests. In the first test, the input model was constructed

from the obtained inversion result. Random errors in a normal dis-

tribution with a standard deviation of 0.15 s were added to the

theoretical arrival times calculated for the synthetic input model.

The inversion results of the synthetic test (Figs S11–S14) show

that the main anisotropic features in Tohoku and Kyushu are well

reconstructed, for example, trench-normal FVDs in the backarc,

trench-parallel FVDs in the forearc and the subducting slabs, neg-

ative radial anisotropy dominant in the low-V zones, and positive

radial anisotropy dominant in the high-V zones. The second test

was made to judge whether there is a tendency that the negative ra-

dial anisotropy is coupled with the low-V anomaly, and the positive

radial anisotropy is coupled with the high-V anomaly. The input

model contained the same isotropic velocity anomalies of the real

inversion result but the radial anisotropy opposite to the real results.

That is, positive radial anisotropy was imposed in the low-V zones,

while negative radial anisotropy was assigned in the high-V zones

(Figs S15 and S16). The radial anisotropy amplitude is ±3 per cent

in the input model. The inversion results of the synthetic test (Figs

S17 and S18) show that the pattern of radial anisotropy in the input

model is well recovered.

The results of these synthetic tests indicate that the main features

of the P-wave azimuthal and radial anisotropy (Figs 6 and 9–11) are

well resolved and so they are reliable features, thanks to the great

number of high-quality data and the excellent crisscrossing of rays

which were recorded by the dense seismic network on the Japan

Islands.

5 D I S C U S S I O N

5.1 Azimuthal anisotropy in the mantle wedge

Trench-normal P-wave FVDs, observed in the backarc mantle

wedge beneath both Tohoku and Kyushu, are consistent with the

model in which the olivine α-axis aligns with the slab-driven corner

flow, which is similar to the previous studies (e.g. Wang & Zhao

2008, 2012; Eberhart-Phillips & Reyners 2009; Huang et al. 2011c).

We think that trench-parallel P-wave FVDs do exist in the forearc

mantle wedge in both Tohoku and Kyushu due to the following

considerations. (1) Our azimuthal anisotropy result accords with
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1174 J. Wang and D. Zhao

Figure 7. Distributions of the P-wave fast-velocity directions (FVDs) in

the crust determined by this study (red bars) and the shear-wave splitting

measurements of local crustal earthquakes by Huang et al. (2011a) (blue

bars). Red and blue triangles denote the active and quaternary volcanoes,

respectively. The azimuth of each bar represents the FVD, whereas the bar

length denotes the S-wave delay time at each station or the P-wave anisotropy

amplitude; their scales are shown at the bottom.

the model in which the olivine α-axis aligns with the trench-parallel

flow above the subducting slab. Some studies (e.g. Russo & Silver

1994; Smith et al. 2001; Long & Silver 2008) suggested trench

migration as the cause of the trench-parallel flow near the trench.

However, Karato et al. (2008) pointed out that it is difficult to

produce trench-parallel flow there because the velocity of trench

migration is much smaller than that of slab subduction in most

cases. (2) The trench-parallel azimuthal anisotropy supports the

hypothesis of B-type olivine fabric dominant there with high water

content in the olivine and at low temperature (e.g. Katayama et al.

2004; Kneller et al. 2005; Jung et al. 2006; Karato et al. 2008).

(3) The trench-parallel azimuthal anisotropy may be induced by the

LPO of serpentine in the forearc mantle wedge. The serpentinization

could occur in the forearc mantle wedge because of large volumes

of water releasing upwards into the mantle wedge from dehydration

of the subducting oceanic crust and sediments at ∼50 km depth (e.g.

Bostock et al. 2002; Carlson & Miller 2003; Hyndman & Peacock

2003; Xia et al. 2008; Tong et al. 2011, 2012; Liu et al. 2013).

However, the anisotropic amplitude of serpentine (∼32 per cent)

is much larger than that of olivine (3–5 per cent; e.g. Christensen

2004; Watanabe et al. 2007; Katayama et al. 2009). Our present

results show that the azimuthal anisotropic amplitude is not larger

than 5 per cent in the mantle. Thus, we consider that the content of

serpentine should be small and the main contribution to anisotropy

should come from olivine in the mantle wedge. Although solubility

studies (e.g. Keppler & Bolfan-Casanova 2006; Grant et al. 2007)

suggested that only small amounts of water may be incorporated in

olivine at low pressure, the trench-parallel anisotropy in the forearc

mantle wedge above the subducting slabs is more likely caused by

the LPO of B-type olivine due to the presence of water.

However, the trench-parallel P-wave FVDs in the forearc mantle

wedge exist at the shallow part (40 km depth) under Tohoku (Fig. 6),

while they appear continuously at depths of 40–80 km under Kyushu

(Fig. 10). In addition, our results show that the trench-parallel P-

wave FVDs exist beneath the volcanic front area in Tohoku but not in

Kyushu. The discontinuity of the trench-parallel anisotropy beneath

the volcanic front area and in the forearc mantle wedge at 60 km

depth (Figs 6d, 7d and j) suggests that the B-type olivine fabric

could not explain the trench-parallel anisotropy beneath the volcanic

front area in Tohoku. A plausible explanation for the trench-parallel

anisotropy beneath the volcanic front is that the anisotropy reflects

3-D flow in the mantle wedge (e.g. Honda & Yoshida 2005; Behn

et al. 2007; Morishige & Honda 2011). The 3-D flow in the mantle

wedge, if any, may be caused by oblique convergence (Hall et al.

2000), slab rollback (Kincaid & Griffiths 2003), low viscosity wedge

(Honda & Yoshida 2005), or foundering of arc lower crust (Kay &

Kay 1991; Behn et al. 2007). Although the factors causing 3-D

flow in the mantle wedge are still in question, foundering of the arc

lower crust seems consistent with our present anisotropic results.

Many studies (e.g. Kay & Kay 1991; Jull & Kelemen 2001) have

suggested that the crustal assemblages would be denser than the

underlying mantle at conditions suitable for the arc lower crust

(800◦–1000◦ and 1 GPa; Kelemen et al. 2003). The denser lower

crust would become gravitationally unstable and sink into the mantle

(Jull & Kelemen 2001; Behn et al. 2007). We think that the great

compression by the Pacific Plate subduction at a rate of ∼9 cm yr–1

would result in a denser lower crust and cause 3-D flow in the

mantle wedge under the volcanic front in Tohoku, and as a result,

the 3-D flow would produce relatively weak (∼1 per cent at 60 km

depth and <1 per cent at 80 km depth) trench-parallel azimuthal

anisotropy there. Our present results suggest that a denser lower

crust may not be formed by the PHS Plate subduction at a smaller

rate of ∼5 cm yr–1 in Kyushu.

5.2 Azimuthal anisotropy in the subducting slabs

Trench-parallel azimuthal anisotropy exists in the subdcting Pacific

slab under Tohoku and in the PHS slab under Kyushu, which is con-

sistent with the previous studies (e.g. Ishise & Oda 2005; Wang &

Zhao 2008, 2010, 2012; Eberhart-Phillips & Reyners 2009; Huang

et al. 2011c). Recently, Tian & Zhao (2012) determined P-wave

anisotropic tomography of the Alaska subduction zone and found

that trench-normal anisotropy exists within the subducting Pacific

slab which is relatively young.

There are several possibilities for the generation of trench-parallel

anisotropy in the slab: (1) a thick serpentinized shear zone atop

the subducting slabs (Katayama et al. 2009) or serpentine-filled

fractures in subducting slabs (Faccenda et al. 2008); (2) trench-

parallel normal faults and cracks developed in the upper part of

the subducting slab (Faccenda et al. 2008; Huang et al. 2011c); (3)

frozen-in anisotropy when the oceanic plate was formed (Ishise &

Oda 2005; Wang & Zhao 2008, 2012; Tian & Zhao 2012) and (4)

B-type olivine fabric formed in the slab through high-stress slab

bending in the trench region (Eberhart-Phillips & Reyners 2009).

For the first possibility, the contribution to anisotropy from ser-

pentine should be small in Tohoku and Kyushu, as mentioned above.

The second possibility may apply to the trench-parallel anisotropy

in the uppermost part of the subducting slabs but not to the entire

slabs under Tohoku and Kyushu. The third possibility seems to be

suitable for the trench-parallel anisotropy within the Pacific slab
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Figure 8. Distribution of the P-wave fast-velocity directions (FVDs) at each depth determined by this study (red bars). The blue bars denote the shear-wave

splitting measurements of local intermediate-depth earthquakes in the subducting Pacific slab by Huang et al. (2011a) in (a–f) and by Nakajima & Hasegawa

(2004) and Nakajima et al. (2006) in (g–l). Red and blue triangles denote the active and quaternary volcanoes, respectively. The azimuth of each bar represents

the FVD, whereas the bar length denotes the S-wave delay time at each station or the P-wave anisotropy amplitude; their scales are shown at the bottom. The

black curved lines denote the upper boundary of the subducting Pacific slab at each depth.

under Tohoku and the PHS slab under Kyushu, as well as for the

trench-normal anisotropy within the Pacific slab in Alaska (Tian &

Zhao 2012). These FVDs are nearly normal to the magnetic lin-

eations in ocean floors close to the trenches (Hess 1964; Weissel

et al. 1981). However, the magnetic lineations are NEE-SWW in

the Pacific Ocean floor east of the Japan Trench, which are roughly

perpendicular to the inverted N–S (trench-parallel) FVDs in the

subducting Pacific slab beneath Tohoku. Although NW–SE shear-

wave splittings were suggested to exist in the subducting Pacific slab

beneath Japan (Tono et al. 2009), it is difficult to distinguish the

anisotropy in the Pacific slab from the shear-wave splitting measure-

ments. Dry olivine is dominant in the oceanic lithospheric mantle

because the water prefers to dissolve in melting when it formed (e.g.

Hirth & Kohlstedt 1996; Keppler & Bolfan-Casanova 2006; Grant

et al. 2007).

The B-type olivine fabric could be produced by high pres-

sure with low H2O fugacity as well as by high H2O fugacity

at low pressure (e.g. Mainprice et al. 2005; Jung 2009; Ohuchi

et al. 2011). Eberhart-Phillips & Reyners (2009) suggested that the

B-type olivine fabric could be formed in an oceanic plate by great

yielding before it bends down at the trench, but the B-type fabric

cannot be developed in a young plate because of its easy yield-

ing. This suggestion is consistent with the trench-parallel azimuthal

anisotropy in the very old Pacific slab under Tohoku, the old PHS

slab under South Kyushu, as well as the trench-normal azimuthal

anisotropy in the young Pacific slab under Alaska.
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1176 J. Wang and D. Zhao

Figure 9. Vertical cross-sections of P-wave radial anisotropy tomography under Tohoku along the profiles as shown on the inset map. The red and blue colours

denote low and high isotropic-velocity anomalies, respectively. The horizontal bars denote that the horizontal velocity is greater than the vertical velocity at

each grid node, whereas the vertical bars denote that the vertical velocity is greater than the horizontal velocity at each grid node. The bar length denotes the

radial anisotropy amplitude; its scale is shown at the bottom. The red and blue triangles denote the active and quaternary volcanoes, respectively. The white

dots denote the seismicity that occurred within a 10 km width along each profile.

Figure 10. The same as Fig. 6 but for P-wave azimuthal anisotropy tomography in Kyushu. The open circles denote the seismicity that occurred within 10 km

depth of each layer.
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Figure 11. The same as Fig. 9 but for P-wave radial anisotropy tomography under Kyushu.

5.3 Radial anisotropy of the subduction zones

We assume that the properties of radial anisotropy for P-wave are

similar to those for S-wave. Similar to the use of Vsh/Vsv ratio in

surface-wave tomography studies (e.g. Nettles & Dziewonski 2008;

Fichtner et al. 2010; Yuan et al. 2011), here we use Vph/Vpv ratio

to express the P-wave radial anisotropy obtained by this study. Our

results (Figs 9 and 11) show similar P-wave radial anisotropy in To-

hoku and Kyushu, that is, negative radial anisotropy (Vph/Vpv < 1)

is dominant in the mantle-wedge low-V zones, while positive ra-

dial anisotropy (Vph/Vpv > 1) appears in the high-V subducting

slabs. Our these results agree well with the traditional paradigm

in the geodynamic interpretation of upper mantle anisotropy with

Vsh/Vsv > 1 for horizontal flow and Vsh/Vsv < 1 for vertical flow,

due to A-type olivine LPO after large-strain deformation (e.g. Nico-

las & Christensen 1987; Savage 1999; Park & Levin 2002).

However, many studies have revealed transitions of olivine fabrics

induced by temperature, pressure and water content (e.g. Durham &

Goetze 1977; Nicolas & Christensen 1987; Mainprice et al. 2005;

Karato et al. 2008; Jung et al. 2009). The low-V anomalies in the

mantle wedge beneath the arc volcanoes are related to the arc mag-

matism induced by the slab dehydration and mantle-wedge corner

flow (e.g. Stern 2002; Hasegawa et al. 2005; Zhao et al. 2011a,b).

Thus, the olivine LPO may change from A-, to E- or C-type in

the mantle wedge and to B-type in the forearc mantle wedge in-

duced by the presence of water (Karato et al. 2008). The negative

radial anisotropy in low-V zones beneath the arc volcanoes (per-

haps upwelling flows) is consistent with the E-type olivine LPO

(Vsh/Vsv < 1 in vertical flow), but inconsistent with the C-type

olivine LPO (Vsh/Vsv > 1 and weak in vertical flow). Karato et al.

(2008) showed details of the relation between the olivine fabrics

and seismic anisotropy in different cases of mantle flow. Our results

of P-wave radial anisotropy suggest that the E-type olivine may be

dominant in the mantle upwelling beneath the arc volcanoes in To-

hoku and Kyushu, being consistent with the observations that some

samples in the island arc environments show E-type fabrics (Mehl

et al. 2003; Sawaguchi 2004).

In the mantle upwelling related to arc magmatism, much of the

water may be removed from olivine to melts (e.g. Karato 1986;

Grant et al. 2007). As a result, E-type (rather than C-type) olivine

may be dominant in the upwelling flow in the mantle wedge. The

upwelling beneath the subducting PHS slab in Kyushu is induced

by the corner flow in the big mantle wedge above the Pacific slab

in the mantle transition zone as well as the deep dehydration of the

Pacific slab (Ohtani et al. 2004; Ohtani & Zhao 2009; Wang & Zhao

2012; Zhao et al. 2012). Thus the E-type olivine LPO may be the

main contributor to the negative radial anisotropy in the upwelling.

However, because of the high water content and higher temperature

in the upper mantle under Kyushu, partial melting would distribute

widely in the deep part of upper mantle there (Hirschmann 2006).

Thus A-type olivine may be dominant in the upwelling below the

subducting PHS slab in Kyushu due to much water releasing from

the olivine into melts. However, the situation is dependent on the

contents of water and partial melts (Karato et al. 2008). The negative

radial anisotropy in the mantle upwelling below the PHS slab is

similar to the observed Vsv/Vsh > 1 anisotropy in the deep portion

of mantle plume (>100 km depth) beneath Iceland (Gaherty 2001).

In contrast, the positive radial anisotropy in the subducting Pacific

slab under Tohoku and in the PHS slab under Kyushu is consistent

with the anisotropy induced by A- or B-type olivine LPO.

6 C O N C LU S I O N S

Using a large number of high-quality arrival-time data from lo-

cal shallow and intermediate-depth earthquakes, we determined
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high-resolution P-wave tomography for 3-D azimuthal and radial

anisotropy in the crust and upper mantle under Tohoku and Kyushu.

Main results of this work are summarized as follows.

1. In the upper crust, P-wave azimuthal anisotropy is complex

in the backarc area, whereas it is generally trench-parallel in the

forearc area beneath Tohoku, which is consistent with shear-wave

splitting measurements in the region. This result suggests that

P-wave azimuthal anisotropy in the upper crust could be estimated

reliably by high-resolution tomographic imaging.

2. Trench-parallel azimuthal anisotropy with amplitude

of <4 per cent is visible in the forearc mantle wedge beneath

Tohoku and Kyushu, suggesting that B-type olivine fabrics is

dominant there.

3. Trench-parallel azimuthal anisotropy in the mantle wedge un-

der the volcanic front area exists in Tohoku but not in Kyushu. The

anisotropy may be induced by 3-D flow in the mantle wedge, and

the 3-D flow can be developed if the subduction rate of the oceanic

plate is large enough.

4. Trench-parallel azimuthal FVDs and positive radial anisotropy

(i.e. horizontal velocity > vertical velocity) are revealed in both the

Pacific slab beneath Tohoku and the PHS slab beneath Kyushu.

There are two possibilities for the cause of the slab anisotropy. One

is that the slabs contain mainly A-type olivine, and they keep the

original fossil anisotropy formed at the mid-ocean ridge. The other

possibility is that B-type olivine is dominant in the slabs.

5. Negative radial anisotropy (i.e. vertical velocity > horizontal

velocity) appears in the low-V zones in the mantle wedge under the

arc volcanoes and backarc areas in Tohoku and Kyushu, which may

reflect the E-type olivine LPO in the upwelling flow. Negative radial

anisotropy is also revealed in the low-V zones below the subducting

PHS slab in Kyushu, which may reflect the E-type or A-type olivine

LPO in the upwelling flow in the big mantle wedge above the Pacific

slab under western Japan.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-

sion of this article:

Figure S1. The coordinate system specifying a ray path (dashed

line) and the symmetry axis (red line) for azimuthal anisotropy

(a) and radial anisotropy (b). V is the propagation vector of a ray

with incident angle i and azimuthal angle φ. θ is the angle be-

tween the propagation vector and the symmetry axis. The red line

denotes the hexagonal symmetry axis for azimuthal anisotropy (a)

and radial anisotropy (b). For the azimuthal anisotropy tomography,

the azimuthal angle ψ ′ of the hexagonal symmetry axis is nor-

mal to the fast-velocity direction (FVD). For details, see Eberhart-

Phillips & Henderson (2004), Wang & Zhao (2008) and Ishise

et al. (2012).

Figure S2. Results of a checkerboard resolution test for P-wave

azimuthal anisotropy in Kyushu. In the input model, isotropic ve-

locity anomalies of ±4 per cent are assigned alternatively to the

grid nodes, and the fast-velocity directions (FVDs) at two adjacent

grid nodes are perpendicular to each other (22.5◦ and 112.5◦) with

anisotropic amplitude of 2.8 per cent. The damping parameters for

anisotropic parameters are 2.0 in the four iterations during the to-

mographic inversion. The black and white circles denote low and

high velocity perturbations, respectively. The azimuth and length

of bars represent the FVD and azimuthal anisotropy amplitude,

respectively. The scales are shown at the bottom.

Figure S3. Results of a synthetic test for P-wave azimuthal

anisotropy in Tohoku. In the input model, isotropic velocity anoma-

lies of ±4 per cent are assigned alternatively to the grid nodes but

without azimuthal anisotropy. The black and white circles denote

low and high velocity perturbations, respectively. The azimuth and

length of bars represent the FVD and azimuthal anisotropy ampli-

tude, respectively. The scales are shown at the bottom.

Figure S4. Results of a synthetic test for P-wave radial anisotropy in

Tohoku. In the input model, isotropic velocity anomalies of ±4 per

cent are assigned alternatively to the grid nodes but without radial

anisotropy. Black and white circles denote low and high velocity

perturbations, respectively. The horizontal bars denote that the hor-

izontal velocity is greater than the vertical velocity at each grid

node, whereas the vertical bars denote that the vertical velocity is

greater than the horizontal velocity at each grid node. The length of

bars denotes the radial anisotropy amplitude. The scales are shown

at the bottom.

Figure S5. The same as Fig. S3 but for a synthetic test in Kyushu.

Figure S6. The same as Fig. S4 but for a synthetic test in Kyushu.

Figure S7. Results of a synthetic test for P-wave azimuthal

anisotropy in Tohoku. In the input model, the FVDs at two adjacent

grid nodes are perpendicular to each other (22.5◦ and 112.5◦) with

anisotropic amplitude of 2.8 per cent, but without isotropic velocity

anomaly. The black and white circles denote low and high velocity

perturbations, respectively. The azimuth and length of bars repre-

sent the FVD and azimuthal anisotropy amplitude, respectively. The

scales are shown at the bottom.

Figure S8. Results of a synthetic test for P-wave radial anisotropy

in Tohoku. In the input model, the radial anisotropy amplitude

of ±3 per cent are assigned alternatively to the grid nodes but with-

out isotropic velocity anomaly. Black and white circles denote low

and high velocity perturbations, respectively. The horizontal bars

denote that the horizontal velocity is greater than the vertical ve-

locity at each grid node, whereas the vertical bars denote that the

vertical velocity is greater than the horizontal velocity at each grid
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node. The length of bars denotes the radial anisotropy amplitude.

The scales are shown at the bottom.

Figure S9. The same as Fig. S7 but for a synthetic test in Kyushu.

Figure S10. The same as Fig. S8 but for a synthetic test in Kyushu.

Figure S11. Results of a synthetic test for P-wave azimuthal

anisotropy in Tohoku. The input model is the obtained tomo-

graphic result as shown in Fig. 6. Red and blue colors denote

low and high isotropic-velocity anomalies, respectively. The az-

imuth and length of each bar represent the P-wave fast-velocity

direction (FVD) and the anisotropy amplitude, respectively. The

red curved lines show the upper boundary of the subducting Pa-

cific slab at each depth. Red and blue triangles denote the active

and quaternary volcanoes, respectively. The scales are shown at the

bottom.

Figure S12. Result of a synthetic test for radial anisotropy in To-

hoku. The input model is the obtained tomographic result as shown

in Fig. 9. The red and blue colors denote low and high isotropic-

velocity anomalies, respectively. The horizontal bars denote that

the horizontal velocity is greater than the vertical velocity at each

grid node, whereas the vertical bars denote that the vertical ve-

locity is greater than the horizontal velocity at each grid node.

The bar length denotes the radial anisotropy amplitude; its scale

is shown at the bottom. The red and blue triangles denote the ac-

tive and quaternary volcanoes, respectively. The white dots de-

note the seismicity that occurred within a 10 km width along each

profile.

Figure S13. The same as Fig. S11 but for a synthetic test in Kyushu.

The input model is the obtained tomographic result as shown in

Fig. 10.

Figure S14. The same as Fig. S12 but for a synthetic test in Kyushu.

The input model is the obtained tomographic result as shown in

Fig. 11.

Figure S15. The Input model of a synthetic test for P-wave radial

anisotropy tomography in Tohoku. In the input model, the distri-

bution of 3-D isotropic velocity is the same as that of the real

inversion result (Fig. 9) but the pattern of radial anisotropy is op-

posite to that appearing in the real inversion result, that is, positive

radial anisotropy is assigned to the grid nodes with low velocity,

while negative radial anisotropy is assigned to the grid nodes with

high velocity. The amplitude of radial anisotropy assigned to all

the grid nodes is ±3 per cent. The red and blue colors denote low

and high isotropic-velocity anomalies, respectively. The horizontal

bars denote that the horizontal velocity is greater than the vertical

velocity at each grid node, whereas the vertical bars denote that the

vertical velocity is greater than the horizontal velocity at each grid

node. The bar length denotes the radial anisotropy amplitude. The

scales are shown at the bottom. The red and blue triangles denote

the active and quaternary volcanoes, respectively. The white dots

denote the seismicity that occurred within a 10 km width along each

profile.

Figure S16. The same as Fig. S15 but for the input model of a

synthetic test in Kyushu.

Figure S17. The inversion result of a synthetic test for P-wave

radial anisotropy tomography in Tohoku. The input model is shown

in Fig. S15. The red and blue colours denote low and high isotropic-

velocity anomalies, respectively. The horizontal bars denote that the

horizontal velocity is greater than the vertical velocity at each grid

node, whereas the vertical bars denote that the vertical velocity is

greater than the horizontal velocity at each grid node. The bar length

denotes the radial anisotropy amplitude. The scales are shown at the

bottom. The red and blue triangles denote the active and quaternary

volcanoes, respectively. The white dots denote the seismicity that

occurred within a 10 km width along each profile.

Figure S18. The same as Fig. S17 but for a synthetic test in Kyushu.

The input model is shown in Fig. S16.

AZIMUTH_TOHOKU_20121222.ZIP: The compressed file for

AZIMUTH_ TOHOKU_20121222.OUT, which is the results of the

inverted 3-D P-wave azimuthal anisotropy of the Tohoku subduc-

tion zone. The values denote latitude, longitude, depth, isotropic-

velocity anomaly, fast-velocity direction (azimuth) and azimuthal

anisotropy amplitude, respectively, at every grid nodes.

AZIMUTH_SWJP_20121222.ZIP: The compressed file for AZ-

IMUTH_SWJP_ 20121222.OUT, which is the results of the inverted

3-D P-wave azimuthal anisotropy in Southwest Japan (including

Kyushu). The values denote latitude, longitude, depth, isotropic-

velocity anomaly, fast-velocity direction (azimuth) and azimuthal

anisotropy amplitude, respectively, at every grid nodes.

RADIAL_TOHOKU_20121222.ZIP: The compressed file for

RADIAL_ TOHOKU_20121222.OUT, which is the results of the

inverted 3-D P-wave radial anisotropy of the Tohoku subduc-

tion zone. The values denote latitude, longitude, depth, isotropic-

velocity anomaly, and radial anisotropy amplitude, respectively, at

every grid nodes. Positive radial anisotropy denotes that the hori-

zontal velocity is greater than the vertical velocity at each grid node,

i.e. Vph/Vpv > 1. Negative radial anisotropy denotes that the vertical

velocity is greater than the horizontal velocity at each grid node,

i.e. Vph/Vpv < 1.

RADIAL_SWJP_20121222.ZIP: The compressed file for RA-

DIAL_SWJP_ 20121222.OUT, which is the results of the in-

verted 3-D P-wave radial anisotropy in Southwest Japan (including

Kyushu). The values denote latitude, longitude, depth, isotropic-

velocity anomaly, and radial anisotropy amplitude, respectively,

at every grid nodes. Positive radial anisotropy denotes that the

horizontal velocity is greater than the vertical velocity at each

grid node, i.e. Vph/Vpv > 1. Negative radial anisotropy denotes

that the vertical velocity is greater than the horizontal veloc-

ity at each grid node, i.e. Vph/Vpv < 1 (http://gji.oxfordjournals.

org//lookup/supp1/doi:10.1093/gji/ggt086/-/DC1).

Please note: Oxford University Press are not responsible for the

content or functionality of any supporting materials supplied by

the authors. Any queries (other than missing material) should be

directed to the corresponding author for the article.
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