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Seismic anisotropy can provide fundamental information on past and present-day deformation pro-
cesses in the upper mantle. Using Rayleigh and Love waves recorded by land and seafloor broadband
seismometers, we analyzed the isotropic and anisotropic shear-wave velocity structures in the north-
ern Philippine Sea region. We found that the fast directions of azimuthal anisotropy are parallel to the
directions of ancient seafloor spreading in the lithosphere of the Shikoku and West Philippine Basins and
Pacific Ocean, whereas they are parallel to the direction of the present-day absolute plate motion (APM)
in the asthenosphere of the Shikoku Basin, and oblique to the direction of the APM in the Pacific Ocean
(by ~30°) and in the northern part of the West Philippine Basin (by ~55°). In the subduction zones around
the Philippine Sea plate, the fast direction of azimuthal anisotropy is trench-parallel in the Ryukyu arc,
and oriented NW-SE in the Izu-Ogasawara island arc. The Philippine Sea plate, which is a single plate,
shows very large lateral variations in azimuthal and radial anisotropies compared with the Pacific plate.
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1. Introduction

The Philippine Sea, located in the northwestern part of the
Pacific Ocean, consists of several small basins, ridges and troughs
with various seafloor ages (Fig. 1(a)). The age of the seafloor in the
West Philippine Basin is 35-50 Ma (Taylor and Goodliffe, 2004),
whereas that in the Shikoku Basin and the Parece-Vela Basin is
15-30Ma (Okino et al., 1999). Seafloor spreading within the Mari-
ana Trough started at about 6 Ma (Hussong and Uyeda, 1981). These
ages have been explained in terms of two episodes of back-arc
spreading (e.g., Hall et al., 1995). The older parts of the Pacific plate
(seafloor ages of around 150 Ma) are subducting beneath the Philip-
pine Sea plate along the Izu-Bonin(Ogasawara)-Mariana island arc
at the eastern boundary of the Philippine Sea plate. The north-
ern margin of the Philippine Sea plate is subducting beneath the
Eurasian plate.

* Corresponding author.
E-mail address: tisse@eri.u-tokyo.ac.jp (T. Isse).
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The upper mantle structure beneath the Philippine Sea plate,
which may reflect the complex evolutionary history described
above, as well as lateral variations caused by modern-day sub-
duction, has been extensively studied using surface waves (e.g.,
Kanamoriand Abe, 1968; Oda and Senna, 1994; Lebedev et al., 1997;
Nakamura and Shibutani, 1998) and P- and S-wave travel times
(Gorbatov and Kennett, 2003). However, a lack of both seismic sta-
tions and earthquakes in the central Philippine Sea has limited the
spatial resolution of the upper mantle in this region in all previ-
ous models, especially in the southern part of the Philippine Sea,
making it difficult to reduce artifacts caused by structures located
outside the Philippine Sea.

Isse et al. (2006) produced an enhanced-resolution 3-D shear-
wave speed structure in the upper mantle beneath the Philippine
Sea and the surrounding region from Rayleigh waves recorded
by land-based and long-term broadband ocean bottom seismo-
graphic stations. This model showed a strong correlation between
the shear-wave speed structure in the upper 120 km and the age
of the province, and fast anomalies of the subducted slab of the
Pacific plate (Isse et al., 2006). Although the spatial resolution was
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Fig. 1. (a) Tectonic features of the Philippine Sea region. Grey contour indicates bathymetry at a depth of 3500 m. Black lines indicate the boundary of the Philippine Sea plate.
Letters represent marginal basins and tectonic features, as follows: D, Amami Plateau, and Daito and Oki-Daito ridges; MT, Mariana Trough; PP, Pacific plate; PV, Parece-Vela
Basin; SB, Shikoku Basin; WP, West Philippine Basin. Arrows indicate the direction of the present-day absolute plate motion based on the NNR-NUVEL1A model (DeMets et
al., 1994). (b) Geographical distributions of events (stars) and stations (triangles) used in this study. Black lines represent plate boundaries. (c) Geographical distribution of
the azimuthal path coverage of Rayleigh waves used in this study in 4° x 4° blocks. The azimuths of rays passing through each block are plotted at the centre of the block.

Azimuthal coverage is very good in the northern part of the Philippine Sea.

improved by using newly developed broadband ocean bottom seis-
mometers (BBOBSs) (Kanazawa et al., 2001; Shiobara et al., 2001),
it is insufficient to resolve fine-scale differences within the region
(Isse et al., 2006). This limitation arises in part because BBOBS data
make up only about 10% of the total data set.

In 2005-2008, a new, dense array of seafloor observation sta-
tions was deployed in the Philippine Sea as part of the Stagnant
Slab Project (SSP), with the aim of investigating the stagnant slab
in more detail based on geophysical observations, high-pressure
experiments, and computer simulations (Shiobara et al., 2009).
Geophysical observations on the seafloor in the Philippine Sea,
using BBOBSs and ocean bottom electro-magnetometers (OBEMs),
were conducted in three phases, each consisting of a 1-year deploy-
ment using 12-16 BBOBSs and 11-14 OBEMs, resulting in a 3-year
time series of data.

Using all Rayleigh wave observations from land stations around
the Philippine Sea, the first two phases of experiments by SSP,
and earlier deployments of BBOBSs in the Philippine Sea region,
Isse et al. (2009) constructed a new 3-D model of the isotropic
shear-wave structure of the upper mantle in and around the Philip-
pine Sea region, attaining the highest resolution ever obtained
from surface waves. The authors have detected three separate slow
anomalies with widths of about 500 km in the mantle wedge at
depths shallower than 100km beneath the Izu-Bonin-Mariana
island arc. These three anomalies have a close relationship with

three groups of frontal and rear arc volcanoes characterized by
distinct Sr, Nd, and Pb isotope ratios. The authors suggested that
each anomaly is the site of large-scale flow of upper mantle into
the mantle wedge, and that each contains a component from
the adjacent subducting slab (Isse et al., 2009). This model was
based on 2.5-8 times more data than that considered by Isse
et al. (2006), as well as 5-13 times the amount of the BBOBSs
and a wider spatial distribution of BBOBSs, thereby resulting
in a higher-resolution model than that proposed by Isse et al.
(2006).

[sotropic heterogeneous structures are interpreted as ther-
mal and/or compositional heterogeneity within the upper mantle,
whereas seismic anisotropy is related to the on-going deforma-
tion processes and is usually interpreted in terms of the flow
pattern in the upper mantle (e.g., Montagner and Tanimoto,
1991). Therefore, it is important to study anisotropic structures
of the upper mantle to reveal dynamic processes occurring in this
zone.

It has been widely established that the Earth’s upper mantle
is anisotropic. For example, seismic anisotropy has been observed
in a variety of forms, such as the azimuthal variation of Pn veloc-
ities in oceans (Hess, 1964), S-wave splitting in teleseismic SKS
waves (Vinnik et al., 1989), the discrepancy between Rayleigh and
Love wave dispersions (Aki and Kaminuma, 1963), and azimuthal
variations in surface wave velocities (Forsyth, 1975).
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The main cause of upper mantle anisotropy is the alignment (lat-
tice preferred orientation, LPO) of anisotropic crystals induced by
convective flow (Nicolas and Christensen, 1987). The occurrence of
horizontal, melt-rich layers embedded in the upper mantle (shape
preferred orientation, SPO) is another cause of radial anisotropy in
the upper mantle (Kawakatsu et al., 2009). It is usually assumed
that the fast axis of olivine is aligned with the flow direction.

Important evidence regarding anisotropy in oceanic plates can
be derived from surface waves. The distribution of azimuthal
anisotropy confirms the correlation between present-day or fos-
sil directions of plate motion and the direction of maximum
anisotropy in the uppermost mantle (Nishimura and Forsyth, 1989;
Montagner, 2002; Debayle et al., 2005). Radial anisotropy, observed
as the discrepancy between Rayleigh and Love wave dispersions,
has also been derived on a global scale (Montagner and Tanimoto,
1991; Ekstrom and Dziewonski, 1998). In the present study, we
analyze the azimuthal and radial anisotropic structures of the
northern Philippine Sea region and show their relationships with
plate motion and deformation processes using the phase-velocity
dispersion curves of Love and Rayleigh waves.

2. Data and method
2.1. Dataset

We analyzed broadband seismograms collected by F-net, the
OHP network, the SPANET network and the IRIS network, as
well as temporary seafloor observations by BBOBSs at 20°S-60°N,
100°E-160°W (Fig. 1(b)).

We analyzed 4179 events (Mb or Mw >5.5) that occurred in the
above region since 1990. Compared to the previous models (Isse
et al., 2006, 2009), a larger area is considered in the present case,
the numbers of events and stations are increased to improve the
azimuthal coverage in the Philippine Sea region, and we added
seismograms obtained during the third phase of BBOBS observa-
tions in 2007-2008, as part of SSP. Isse et al. (2006) used 31 land
stations and 20 BBOBS stations, while Isse et al. (2009) used 37
land and 37 BBOBS stations. In the present study, we used 58 land
stations and 38 BBOBS stations. Fig. 1(c) shows the azimuthal cover-
age of the Rayleigh waves used in this study in each 4° x 4° blocks.

2007/06/28 02:52:09.650
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The azimuthal coverage is very good over most of the Philippine
Sea region, especially in the northern part, whereas it is slightly
degraded in the Pacific Ocean.

Fig. 2 shows the vertical and transverse components of dis-
placement waveforms recorded by BBOBSs and two land stations
band-pass filtered from 10 to 167s and from instrumental
responses are removed. P, S, and Rayleigh waves are evident in the
vertical component of all BBOBSs and land stations. Love waves
are evident in the transverse component of both BBOBSs and land
stations, although BBOBS data are noisier than data from land sta-
tions. Some BBOBS seismograms (e.g., T11), are of high quality and
are comparable with those recorded by land stations. The signal-
to-noise ratios of the vertical components of all BBOBS data and
of the transverse components of some BBOBS data are comparable
with those of land stations.

2.2. Measurement of path-averaged phase speed of Rayleigh and
Love waves

We measured the phase speed of the fundamental mode of
Rayleigh and Love waves by a fully non-linear waveform inver-
sion method (Yoshizawa and Kennett, 2002). In this method, the
neighbourhood algorithm (Sambridge, 1999) is adopted as a global
optimizer that explores the model space to find a model with the
best fit to the recorded seismograms. Three thousand models were
generated for each path and the best-fit 1-D model was obtained
from among them. The multimode phase speeds were computed
from the 1-D model using the normal mode theory (Takeuchi and
Saito, 1972; Dahlen and Tromp, 1998), which are regarded as the
path-averaged phase speeds of each event-station pair. The stan-
dard errors of each dispersion curve were estimated from the
standard deviations of the best 1000 models among the ensemble
of all the generated models. Here, we used the fundamental mode
phase speeds of Rayleigh and Love waves. We used events with
magnitude (Mb or Mw) greater than 5.7 for seismograms recorded
at Japanese islands, where stations are densely located, and used
events with magnitude (Mb or Mw) greater than 5.5 for oceanic
island and BBOBS stations. The cross-correlation between observed
and synthetic data with a group velocity filter, between 3.3 and
4.3 km/s for Rayleigh waves or between 3.3 and 4.7 km/s for Love
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Fig. 2. Transverse and vertical components of a Solomon Islands event recorded at the BBOBS and island stations. Stations whose names starting with “T” are located on
the seafloor and others (MAJO, TATO) are on island stations. Seismograms are filtered from 10 and 167 s and are plotted as displacement, with the instrumental response

removed.
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waves, is better than 0.9. We obtained 11,902 phase speed disper-
sion curves for Rayleigh waves and 8792 curves for Love waves at
periods between 30 and 167s.

To ensure uniform ray density, we clustered events observed at
the same station with epicentres within a 100 km radius, and calcu-
lated the average phase speed for the group of events. We treated
the average phase speed as the path-averaged phase speed along
a ray from the centre of the cluster to the station. After clustering,
we obtained 5555 path-averaged phase speed dispersion curves
of Rayleigh waves, and 3480 of Love waves. The number of phase
speed dispersion curves of Rayleigh and Love waves recorded by
BBOBSs was 1241 and 158, respectively. The numbers of phase
speed dispersion curves of Rayleigh waves recorded by all sta-
tions and OBS stations are 1.6 and 1.8 times higher, respectively,
than those reported by Isse et al. (2009). The number of disper-
sion curves of Love waves recorded by BBOBSs is smaller than that
of Rayleigh waves because the horizontal components of seismo-
grams recorded by BBOBSs are noisier than the vertical components
(Fig. 2).

2.3. Regionalization

Lateral phase-velocity variations are computed using the
regionalization method developed by Montagner (1986). Follow-
ing the approach of Smith and Dahlen (1973), the local azimuthally
varying phase velocity C(T, M, ¥), at location M for each period T
and azimuth Y, is expressed as follows:

C(T,M,¥) = Cref(T)(] + ao(T, M) + a1(T, M) cos 2¥
+ay(T, M)sin 2¥ + a3(T, M)cos 4¥ + ay(T, M)sin4Y)

where Cyf is the reference model phase speed, the parameter ag
is an isotropic term and qg; (i=1-4) are the azimuthal anisotropy
coefficients. The generalized least square inversion algorithm of
Tarantola and Valette (1982) is used to regionalize the path-
averaged phase speed of surface waves. In this paper, the covariance
function (Cp) is defined as

Go(M1, My) = oM oMy )exp [ <51

L2

where A is the distance between points My and M, on the Earth.
The a priori parameter error op gives a constraint on the anomaly
amplitude and the correlation length L acts as a smoothing criterion.

Optimal values of the a priori parameter error and of correla-
tion length are determined by a series of tests with synthetic data.
We chose a priori parameter errors of 0.07 km/s for the isotropic
parameter for both Rayleigh and Love waves and 0.04 km/s for the
anisotropic parameter for Rayleigh waves. We selected a correla-
tion length of 200 km for the isotropic parameters of Rayleigh and
Love waves, and for the anisotropic parameters of Rayleigh waves.
We used the average of path-averaged phase speeds as a reference
phase speed. Montagner and Nataf (1986) demonstrated that the
phase velocity of Rayleigh waves is mainly sensitive to azimuthal
anisotropy through the 2¥ terms, whereas the phase velocity of
Love waves is mainly sensitive to the 4% terms. Moreover, the 4¢
coefficients are poorly resolved because of their rapid azimuthal
variations. In the present study, we analyze the isotropic 0¥ term
of both surface waves and the 2¥ terms of the phase velocity of
Rayleigh waves.

2.4. Resolution tests

To assess the resolution of tomographic models and the correla-
tion length, we first performed checkerboard resolution tests. We
calculated the synthetic data from input checkerboard models with
6% isotropic anomalies at a period of 50s: fast and slow anoma-

lies of 4° x 4° isotropic patterns for Rayleigh and Love waves, and
5° x 5° anisotropic patterns with the fast azimuthal axis oriented
N-S and E-W for Rayleigh waves (Fig. 3). The inversion was per-
formed with the same correlation length (200 km for the 0¥ and
2 terms) and a priori errors as in the real case. We added random
errors with amplitudes up to 0.5% to the synthetic data, which is
the same as a priori errors in the real data. The 4° x 4° isotropic
patterns for Rayleigh waves are well reconstructed throughout the
entire Philippine Sea plate, and the trade-off between isotropic
phase speed and anisotropic parameters is less than 1.3% in the
Philippine Sea region and 1.5% in the Pacific Ocean, (Fig. 3(a) and
(b)). The 4° x 4° isotropic patterns for Love waves are also well
reconstructed for the entire Philippine Sea region (Fig. 3(c) and
(d)). The anisotropic patterns for Rayleigh waves are well recon-
structed only in the northern part of the Philippine Sea region,
where the azimuthal coverage is good (Fig. 1(c)). The trade-off
between anisotropic parameters and isotropic phase speed is less
than 2.1% in the Pacific Ocean, and 1.8% in the northern Philippine
Sea region.

The discrepancy in the recovered amplitudes of the phase veloci-
ties of Love and Rayleigh waves may produce artificial effects on the
radial anisotropy (&) of shear waves. To address this problem, we
assessed the recovered amplitudes of phase velocities of Love and
Rayleigh waves in a checkerboard resolution test. The ray distribu-
tion is the same throughout the analyzed period range, indicating
that the spatial resolutions are similar at periods between 30 and
167 s. This finding suggests that the ratio of the results of checker-
board synthetic tests of Rayleigh and Love waves can be used to
assess the spatial resolution of &.

Fig. 4 shows the spatial distributions of the square of
the ratios of Love wave phase speed to Rayleigh wave
phase speed, ((C;/Ci0)/(Cr/Cro))?. In the Philippine Sea region,
((CL/C10)/(Cr/Cro))* has values of 0.97-1.04. ((C/Cr0)/(Cr/Cro))? is
perturbed between values of 0.98 and 1.02 by the addition of 0.5%
random errors to the synthetic data. These results suggest that there
is no significant artificial pattern in the radial anisotropy caused
by the discrepancy of recovered amplitudes of Love and Rayleigh
waves in the Philippine Sea region. In the Pacific region, residuals
of ((C/C10)/(Cr/Cro))? are larger than those in the Philippine Sea
region because the spatial resolution of the Love waves is worse
than that of Rayleigh waves.

We have performed another synthetic test to assess the res-
olution of the likely structures in the analyzed region. Using the
obtained maps of Rayleigh wave phase speed at periods of 50 and
100 s as input models, we calculated synthetic data, adding random
errors up to 0.5%. We used only the isotropic part or anisotropic
part of the obtained model as input models to assess the trade-off
between isotropic and anisotropic structures.

Fig. 5 shows that the patterns of input models are well recovered
at both periods and in both cases. The amplitudes of perturba-
tions of isotropic patterns from average speeds at periods of 50
and 100s in the Philippine Sea region are recovered at rates of
about 65% and 60%, respectively (Fig. 5(b) and (e)). The ampli-
tudes of anisotropic patterns for both periods are recovered at a
rate of about 70% for the entire Philippine Sea region. The trade-off
between isotropic and anisotropic patterns is less than 1.4% and
1.1% at periods of 50 and 100s, respectively. The azimuthal dif-
ference between the input and output models is less than 15° for
the entire Philippine Sea region. The trade-off between isotropic
and anisotropic parameters is less than 1.6% for both periods. The
trade-offs are much smaller than the recovered models, indicating
that the features in our models are real and robust. The findings of
this synthetic test suggest that the patterns of obtained isotropic
and anisotropic structures are well recovered and that their ampli-
tudes are recovered at a rate of about 65% throughout the entire
Philippine Sea.
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Fig. 4. ((C./C10)/(Cr/Cro))? calculated based on the results of isotropic patterns of
Rayleigh and Love waves shown in Fig. 3(b) and (d).

The results of the above synthetic tests suggest that the patterns
of azimuthal anisotropy are well resolved in the northern Philippine
Searegion with a lateral resolution of 500 km, and radial anisotropy
(derived from the discrepancy between Rayleigh and Love waves)
appears throughout the entire Philippine Sea region with a lateral
resolution of 400 km. In the southern Philippine Sea, the test results
suggest that the obtained azimuthal anisotropy is well recovered
and that the lateral resolution is much larger than 500 km.

2.5. S-wave velocity inversion

Following Montagner and Nataf (1986), 13 parameters are
required to explain surface wave data (Rayleigh and Love waves) in
the most general case for weak anisotropy. Using their notation, the
Rayleigh wave phase-velocity dispersion §Cg(T, M, ¥) is expressed
as

aCg

SCR(T. M, ¥) = =T

—(8A + B¢ cos 2¥ + Bg sin 2¥ + E¢ cos 4%

3CR

+Essind¥) + BCR ¢ 0C + 2 (8F + Hc cos 2W

+Hg sin2W) + 8—LR(8L + G¢ cos2W + Gg sin2W).
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patterns are well recovered and the trade-off to isotropic patterns are less than 1.6%.

Similarly, for Love wave phase-velocity perturbations, §C; (T, M,
v)is

SC(T, M, ¥) = %(SL — G cos2¥ — Ggsin2¥)
+ %(SN — Eccos4¥ — Egsin4v).

The kernels dCg;/dp; are calculated in the spherically symmet-
ric reference model based on anisotropic PREM model (Dziewonski
and Anderson, 1981), except for the crust for which we adopted
the CRUST 2.0 model (Bassin et al., 2000). The inverse problem
is resolved using a non-linear least squares inversion algorithm
(Tarantola and Valette, 1982). The errors in phase velocities
obtained from the regionalization procedure are taken into account,
and the final error in the parameters is estimated by computing the
a posteriori covariance matrix. The model is described by 20-km-
thick layers and a Gaussian correlation between adjacent layers is
introduced. The inversion is performed using the 13 parameters
per layer, but only 4 parameters are well resolved: L, N, G¢ and
Gs. Therefore, only the following parameters of the 3-D model are
presented as a function of depth:

) - —Lv

L + G¢ cos 2¥ + Gg sin2¥ Vsu\2 N
Vsv = £= (*) =
o Vsy

where Vsy and Vgy are the vertically and horizontally polarized S-
wave velocity, respectively.

3. Results
3.1. Shear-wave velocity structures in the Philippine Sea region

The result of the resolution tests suggests that the northern part
of the Philippine Sea region, where dense seafloor observations
have been deployed, is well resolved. Fig. 6 shows the 3-D shear-
wave velocity structures (isotropic shear-wave speed anomalies
(AVsy), SV wave azimuthal anisotropy (G), and radial anisotropy
(&)) beneath the northern Philippine Sea region at depths of 58,
100, 140, and 180km. At a depth of 58 km, three slow isotropic
anomalies appear along the Izu-Ogasawara-Marianaisland arc and
isotropic fast anomalies are seen in the West Philippine Basin and
Pacific Ocean. At depths greater than 100 km, the subducting Pacific
plate can be seen along the Izu-Ogasawara-Mariana subduction
zone. These isotropic anomalies are consistent with those evident
in our previous model (Isse et al., 2009).

The azimuthal variation of the fast direction of the anisotropic
parameter G at depths shallower than 140km is different from
that at depths greater than 140 km (Fig. 6(a), (c), (e) and (g)). In
the shallow part, the fast directions of azimuthal anisotropy in
the Shikoku Basin are E-W and those in the Pacific Ocean are
NW-SE (Fig. 6(a) and (c)). In the deep part, the fast directions of the
azimuthal anisotropy beneath the Shikoku Basin are WNW-ESE,
those beneath the Izu-Ogasawara island arc are NE-SW, those
beneath the Philippine Sea are NW-SE, and those beneath the Guam
Island vary from E-W to NW-SE. A large-scale pattern of NW-SE
fast directions is seen in the southern Philippine Sea region.
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(b, d, f and h) at depths of (a and b) 58, (c and d) 100, (e and f) 140, and (g and h) 1

80 km. The area surrounded by light blue lines in (a, c, e and f) is a well-resolved area in

the case of azimuthal anisotropy. The black lines in (a, ¢, e and f) show the fast directions and amplitude of the azimuthal anisotropy. The black lines in (b, d, f and h) show

the radial anisotropy (&) in the anisotropic PREM model.

Fig. 6(b), (d), (f) and (h) shows the radial anisotropy (&).
The shear-wave structures in PREM at depths between 24.4 and
220 km have radial anisotropy with positive &. Areas of weak radial
anisotropy (compared to anisotropic PREM), marked by light blue
and yellow areas within solid black lines in Fig. 6(b), (d), (f) and
(h), occur around the margin and in the central part of the Philip-
pine Sea plate. Fast Vgy structures and £<1.0 are seen at the
margin of the Philippine Sea plate, the Izu-Ogasawara island arc
and the Philippines (Fig. 6). These findings indicate near-vertical
downwelling (i.e.,downward vertical flow) in the Pacific and Philip-
pine subduction zone. The strong lateral variation of the radial
anisotropy is different from that seen in the Pacific plate, which has
a strong radial anisotropy. In the Pacific plate, radial anisotropy is
strongest in the central part of the plate (Ekstrom and Dziewonski,
1998).

The above results suggest that radial anisotropy is not especially
strong in the centre of the Philippine Sea plate and that its average
amplitude is smaller than that of PREM. The lateral variations of
radial anisotropy are similar at all depths analyzed in this study,
although the isotropic variations vary with depth.

4. Discussion
4.1. Lithosphere and asthenosphere in the Philippine Sea region

In the oceanic lithosphere, the fast axis of the seismic veloc-
ity (associated with olivine LPO) is subhorizontal and aligned
approximately parallel to the direction of ancient seafloor spread-
ing (Nicolas and Christensen, 1987). In the asthenosphere, the fast
axis is explained by the alignment of olivine a-axes parallel to
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Fig. 7. Map projections of azimuthal anisotropy at depths of (a) 58 km with
isochrones and (b) 140km. The present-day absolute plate motions (APM), as
derived from NNR-NUVEL1A, are shown in (c). Green lines represent plate bound-
ary. Light blue lines in (a and b) are well-resolved area in the case of azimuthal
anisotropy. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

present-day flow. Many previous studies analyzed the anisotropic
structures of shear waves on a global scale (e.g., Montagner
and Tanimoto, 1991; Debayle et al., 2005) or semi-global scale
(Montagner and Jobert, 1988; Nishimura and Forsyth, 1989). How-
ever, no previous study has investigated a back-arc basin with a
range of seafloor ages and tectonic features.

Fig. 7(a) and (b) shows the azimuthal anisotropy in the Philip-
pine Sea region at depths of 58 and 140 km. The seafloor ages from
Miiller et al. (2008) are superimposed on Fig. 7(a). Fig. 7(c) shows
the present-day absolute plate motion (APM) from NNR-NUVEL1A
(DeMets et al., 1994). The thickness of the oceanic lithosphere is
about 40-120 km based on half-space cooling model with seafloor
ages of 20-160 Ma (Parker and Oldenburg, 1973); consequently,
Fig. 7(a) shows anisotropic structures in the lithosphere, while
Fig. 7(b) shows those in the asthenosphere.

In the Shikoku Basin, the northern part of the West Philippine
Basin and the Pacific Ocean, the fast velocity axes at a depth of 58 km
are approximately perpendicular to the isochrons; i.e., sub-parallel
to the direction of ancient seafloor spreading (Fig. 7(a)). This result

suggests that fossil alignment of the crystallographic axes of olivine
in the lithosphere occurs not only in large oceanic plates such as
the Pacific plate but also in back-arc basins such as the Shikoku
and West Philippine Basins. In the northern part of the Parece-Vela
Basin, the fast velocity axes are not oriented perpendicular to the
isochrons. In the Mariana Trough, the direction of the fast axes is
parallel or oblique to the isochrons. This region was poorly resolved
because the Mariana Trough is smaller than the spatial resolution
of our azimuthal anisotropy model (~500 km).

In the Pacific Ocean, the fast axes of azimuthal anisotropy at a
depth of 140 km are oriented about 30° from the direction of the
APM of the Pacific plate (Fig. 7(b) and (c)), being parallel to the
direction of ancient seafloor spreading. The fast axes of azimuthal
anisotropy in the Shikoku Basin are oriented sub-parallel to those in
the Philippine Sea plate. In the northern part of the West Philippine
Basin, the fast axes are oblique to the direction of the APM of the
Philippine Sea plate (by about 55°).

4.2. Nature of the Philippine Sea plate

The Philippine Sea plate is regarded as a single plate, pri-
marily because of a lack of intraplate seismicity. However, the
azimuthal and radial anisotropies within this plate show strong
lateral variations. This is in contrast with the Pacific plate, which
shows a relatively uniform distribution of azimuthal anisotropy in
good agreement with the theory of plate tectonics except around
hotspots (Montagner, 2002), and a strong radial anisotropy in the
centre of the plate (Ekstrém and Dziewonski, 1998).

The observed lateral variations in azimuthal anisotropy within
the lithosphere of the northern part of the Philippine Sea plate
at a depth of 58 km show a strong correlation with the ancient
seafloor spreading. The variation at depths greater than 140 km
suggests a large-scale flow from the Guam Island, toward the
southern part of the Philippine Sea plate with E-W direction of
azimuthal anisotropy, followed by coherent flow northward to The
Philippines, and Taiwan. At Guam, the flow direction changes from
NW-SE to E-W. Although the checkerboard test with a 5° x 5° pat-
tern shows this region as a relatively poorly resolved area (Fig. 3(f)),
the size of the flow exceeds 5° x 5° and the results of another
synthetic test performed using our result as an input model sug-
gested that the patterns have been recovered and that there exists
only a small trade-off between isotropic and anisotropic patterns
(Fig. 5(d)-(f); consequently, this large-scale flow is considered to
be a real feature. One explanation of this change in flow direction
is that NW-SE mantle flow in the Pacific encounters the subduct-
ing Pacific plate at Guam, forcing a change in flow direction to
E-W. Along the Izu-Ogasawara island arc, the fast axis of azimuthal
anisotropy is oriented NE-SW at a depth of 140km, in contrast
to the present APM of the Philippine Sea plate and Pacific plates.
We consider that these directions (NE-SW) are caused by the
anisotropy in the subducting Pacific plate.

4.3. Detailed structures within the northern part of the Philippine
Sea plate

To analyze the detailed structure of the lithosphere and astheno-
sphere in the northern Philippine Sea plate, we constructed the
depth profiles of isotropic variation of the shear-wave speed (Vsy),
azimuthal anisotropy (AG), and radial anisotropy (£) in the Shikoku
Basin, West Philippine Basin, and northwestern Pacific Ocean
(Fig. 8(a)-(c)). Plomerova et al. (2002) used this approach to map
changes in the patterns of anisotropy in order to estimate the depth
of the lithosphere-asthenosphere boundary. Instead of showing
the average profiles for each region, we show data for a single
point because the structure of the asthenosphere varys in the region
where the structure of the lithosphere is similar.
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In the Shikoku Basin, Vsy is slowest at a depth of 60 km, and £ is
similar to that in the PREM model. The fast direction of azimuthal
anisotropy is approximately E-W, which is sub-parallel to the
direction of ancient seafloor spreading at depths shallower than
100 km; at greater depth, it becomes parallel to the APM direc-
tion.

In the Pacific Ocean, Vsy is slowest at a depth of 100 km and & is
larger than that in the PREM model. The fast direction is constantly
NW-SE, although the amplitude is greatest at a depth of 100 km.
The direction is similar to the direction of the ancient seafloor
spreading. In this region, the difference between the direction of
ancient seafloor spreading and the APM direction is about 30°; con-
sequently, it is difficult to detect the depth of the azimuthal change
of AG.

In the West Philippine Basin, Vgy is fastest at a depth of 80 km.
The fast direction of the azimuthal anisotropy is N-S, sub-parallel
to the direction of ancient seafloor spreading at depths shallower
than 100 km, and is also N-S at greater depth. The APM direction is
approximately NW-SE in this region, meaning that the fast direc-
tion of the azimuthal anisotropy is oblique to the APM direction by
about 60°. The depth profile is very different from that obtained for
the other two regions. The value of & is large up to 80 km depth, but
decreases with depth thereafter.

Using a similar approach to that adopted by Plomerova et al.
(2002), we estimate the thickness of the lithosphere based on the
changes in anisotropy. The isotropic and anisotropic structures sug-
gest that the lithosphere thickness is about 60, and 100 km in the
Shikoku Basin, and Pacific Ocean, respectively. The low Vsy val-
ues may indicate the lithosphere-asthenosphere boundary in the
Shikoku Basin and the Pacific Ocean. We could not estimate the
lithosphere thickness in the West Philippine Basin, because there
is no significant change of low Vs, values and the azimuth of AG
in depth. Vgy is faster than Vsy in these three regions; however, the
depth variation of £ in the West Philippine Basin is different from
that in the Shikoku Basin and the Pacific Ocean, where the gradient
in & is similar to that in the PREM model. £ in the West Philippine
Basin is smaller than that in the PREM model. Because the Vsy struc-
tures suggest a thick lithosphere, one possible explanation of the
small £ is that old ridges (i.e., the Amami Plateau, Daito ridge, and
Oki-Daito ridge), which have thick crust, have an effect on the radial
anisotropy.

4.4. Azimuthal anisotropy around the subduction zone

In the Mariana Trough at depths shallower than 100 km, the
fast direction of the azimuthal anisotropy is NE-SW; at greater
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depths, it is N-S in the northern part of the trough and E-W in the
southern part. In the northern part, the fast direction shows trench-
parallel anisotropy. These features are consistent with the result
reported by Pozgay et al.(2007) based on shear-wave splitting mea-
surements of local S-waves recorded by a temporary observation
network consisting of OBS and island stations in and around the
Mariana arc. The E-W fast direction in the southern part of the
Mariana Trough is also consistent with the result of previous stud-
ies based on an analysis of shear-wave splitting around the Guam
(Fouch and Fischer, 1998; Volti et al., 2006).

In the Izu-Ogasawara island arc, the fast direction at a depths
of 140 and 180 km is NE-SW, which is highly different to that in
the surrounding area (Fig. 6(e) and (g)). This difference may be
due in part to the subducting Pacific plate. To analyze the detailed
structures of the anisotropy, we constructed a depth profile of the
isotropic and anisotropic variations (Fig. 8(d)). The amplitude of
azimuthal anisotropy is smallest at a depth of 100km, and the
fast direction shows a rapid change at this depth. At depths less
than 100 km, the fast direction is WNW-ESE; at greater depths it is
NE-SW. The observed radial anisotropy suggests that Vsy is faster
than Vsy at depths greater than 180 km. The top of the subducting
Pacific plate lies at a depth of 150 km; consequently, these features
are characteristic of the subducting Pacific plate itself.

In the Ryukyu arc, the fast direction of azimuthal anisotropy
is NW-SE at a depth of 58 km (Fig. 6(a)), and is parallel to the
trench at depths deeper than 80 km. Long and van der Hilst (2006)
reported trench-parallel anisotropy in the mantle wedge below
the Ryukyu arc based on measurements of shear-wave splitting
from local slab earthquakes recorded at seismic stations within the
arc. The present results are consistent with those of these earlier
results.

The above results suggest the existence of various types of
azimuthal anisotropy around the subduction zones in the Philip-
pine Sea plate, possibly caused by the complex pattern of the
subduction system.

5. Conclusions

We analyzed the isotropic and anisotropic shear-wave velocity
structures in the northern Philippine Sea region using Rayleigh and
Love waves recorded by land and seafloor observations. We found
that the fast directions of azimuthal anisotropies are oriented par-
allel to the direction of ancient seafloor spreading in the lithosphere
of the Shikoku and West Philippine Basins and Pacific Ocean, par-
allel to the direction of the present-day APM in the asthenosphere
of the Shikoku Basin, and oblique to the direction of the APM in
the Pacific Ocean (by about 30°) and in the northern part of the
West Philippine Basin (by about 55°). In the subduction zones at the
margin of the Philippine Sea plate, the fast direction of azimuthal
anisotropy is parallel to the trench in the Ryukyu arc, and NW-SE
directions in the [zu-Ogasawara island arc.
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