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Continental rifting during the Oligocene to mid-Miocene caused the opening of the Sea of Japan and the
separation between the Japanese Islands and the Eurasian Plate. The tectonic evolution in the Sea of Japan
is important for understanding the evolution of back-arc regions in active convergent margins. Here, we
use data from the seismic stations surrounding the Sea of Japan to map the Rayleigh-wave azimuthal ani-
sotropy in the crust and lithospheric mantle beneath the Sea of Japan. We explore the variations of
Rayleigh-wave phase-velocity beneath the Sea of Japan in a broad period range (30–80 s). Rayleigh-
wave dispersion curves are measured by the two-station technique for a total of 231 interstation paths
using vertical-component broad-band waveforms at 22 seismic stations around the Sea of Japan from
1411 global earthquakes. The resulting maps of Rayleigh-wave phase velocity and azimuthal anisotropy
allow the examination of azimuthal anisotropy at specific periods. They exhibit several regions with dif-
ferent isotropic and anisotropic patterns: the Japan Basin displays fast velocities at shorter periods (30
and 40 s) with NNE-SSW anisotropy, whereas at 60 s and longer, the velocities become slow even if
the anisotropy remains NE-SW; the East China Sea shows fast velocities at all periods (30–80 s) with con-
stant NW-SE anisotropy. Trench-normal anisotropy beneath the Japanese Islands is found at short periods
(30–40 s) and become trench-parallel at periods of 60 s and longer. Overall, our model resolves two layers
of anisotropy, the shallowest and deepest layers being potentially related to frozen deformation due to
recent geodynamic events, and asthenospheric flow, respectively.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The Sea of Japan is a marginal sea of the western Pacific Ocean.
It comprises three major basins (Fig. 1): the Japan Basin in the
north, the Yamato Basin in the southeast, and the Tsushima Basin
(later referred as Ulleung Basin, Yoon et al. (2014)) in the south-
west. The thickness of the crust beneath the Sea of Japan changes
drastically: the Moho depth is about 22 km beneath the Yamato
Rise (Kurashimo et al., 1996), 15 km beneath the Ulleung Basin
(Kim et al., 1994), and only 9 km beneath the Japan Basin (Sato
et al., 2004). There is a good correlation between the Moho depth
and the sea-floor topography, which is widely influenced by the
tectonic history of back-arc spreading that formed the Sea of Japan
from 32 to 10 Ma (Tamaki, 1992; Pouclet et al., 1994; Choi et al.,
2013; Zahirovic et al., 2013, 2014; Yoon et al., 2014). Magnetic
studies (Kobayashi and Isezaki, 1976) and GPS measurements
(Takahashi et al., 1999) in this region constrained the regional flow,
the location of the transform faulting as well as the spreading cen-
ters. In addition, IODP experiments (Tamaki, 1992) and geological
investigations (Lallemand and Jolivet, 1986; Takahashi et al.,
1999; Yoon et al., 2014) helped constrain the ages of the structures,
which were later used to unravel the tectonic evolution of this
region (Tapponnier and Molnar, 1976; Fryer, 1996; Yin, 2010).
The spreading and dynamic setting of the marginal basins in the
western Pacific (Sea of Japan, East China Sea, South China Sea,
Philippine Sea, as well as those in southern Pacific) have also been
discussed (Miyashiro, 1986; Ren and Li, 2000), as well as the tec-
tonic features (He and Tsukuda, 2003).

The updated plate boundary model of Bird (2003) indicates that
the Sea of Japan and its surroundings are complex regions, com-
prising four small plates (Fig. 1). The Okhotsk plate, associated
with the North America plate, includes the northern half of Hon-
shu, Hokkaido, and Shakhalin and is bounded to the east by the
Japan subduction zone. The Amur Plate covers most of the Japan
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Fig. 1. Tectonic setting of the Sea of Japan. The thick pink lines represent the plate boundaries (Bird, 2003). Blue dots are active volcanoes. Tectonic features include SCC -
South China Craton; EP - Eurasian Plate; Jb - Japan Basin; Jt - Japan Trench; Kp - Korean Peninsula; PP - Pacific Plate; PSP - Philippine Sea Plate; Sa - Sakhalin Oblast (Russia);
SKp - South Korean Plateau; Ub - Ulleung Basin; Yb - Yamato Basin; Yr - Yamato Ridge. The Japan Peninsula is formed by four main islands: Ho - Hokkaido, Hn - Honshu; Sh -
Shikoku; Ky - Kyushu. The yellow boxes indicate the presence of continental crust, whereas the green boxes indicate the presence of oceanic crust. The Absolute Plate Motion
(Bird, 2003) is indicated with the brown arrow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Basin and Korea, and extends northwards. South of Kyushu, the
Okinawa plate is bounded to the east by the Ryukyu Arc and covers
the eastern part of the East China Sea. Finally, the Yangzte plate
extends west of the Okinawa plate and Taiwan. Both the Okinawa
and Yangtze plates are associated with the Eurasia plate.

The 3D seismic structure of the Japanese Islands has been inves-
tigated extensively. First results by Aki and Kaminuma (1963) and
Aki (1968) have been updated later by numerous studies (Hirahara
and Mikumo, 1980; Kurashimo et al., 1996; Honda and Nakanishi,
2003; Sato et al., 2004; Matsubara et al., 2005, 2008; Hirose et al.,
2008; Bourova et al., 2010; Yoshizawa et al., 2010; Liu et al., 2013;
Asamori and Zhao, 2015; Liu and Zhao, 2016). By comparison, the
Sea of Japan is less well understood, despite several geological
investigations (Lallemand and Jolivet, 1986; Takahashi et al.,
1999; Yoon et al., 2014), IODP experiments (Tamaki, 1992; Tobin
and Kinoshita, 2006), magnetotelluric studies (Kobayashi and
Isezaki, 1976; Pouclet et al., 1994), seismic experiments (Ludwig
et al., 1975; Hirata et al., 1989; Kim et al., 1994; Kurashimo
et al., 1996; Choi et al., 2012, 2013), noise tomography (Spindel
et al., 2003; Zheng et al., 2011), seismic attenuation tomography
(Liu and Zhao, 2015), and surface-wave analyses (Abe and
Kanamori, 1971; Evans et al., 1978; Sato et al., 2004; Zhao et al.,
2011a).

In oceanic regions, where the distribution of seismic stations is
uneven and sparse, surface waves play an important role to recover
the seismic structure of the lithosphere. Surface-wave analyses can
therefore be considered as the best option to resolve the seismic
structures beneath the Sea of Japan. Evans et al. (1978) used group
speeds of Love and Rayleigh waves to re-examine the original work
of Abe and Kanamori (1970), and obtained an average 1D structure
along paths north of the Sea of Japan. They showed a lithospheric
thickness of about 40 km under the Sea of Japan, which is thinner
than typical oceanic lithosphere, and suggested that a simple iso-
tropic model is sufficient to explain the observed dispersion curves
of both Love and Rayleigh waves. Aki and Kaminuma (1963)
revealed the existence of radial anisotropy in the upper mantle
beneath the Japanese Islands from the observation of Love and
Rayleigh waves. Aki (1968) then proposed a laminated mantle
model to explain the discrepancy between the observed dispersion
curves of the Love waves and those estimated from an isotropic
shear-wave model.

In the past decade, studies based on acoustic-wave tomography
for monitoring the Sea of Japan (Spindel et al., 2003; Lee et al.,
2015), body-wave tomography (Hirahara and Mikumo, 1980;
Hirata et al., 1989; Zhu et al., 2002; Honda and Nakanishi, 2003;
Matsubara et al., 2005, 2008; Hirose et al., 2008; Zheng et al.,
2011), surface wave tomography (Friederich, 2003; Huang et al.,
2003; Lebedev and Nolet, 2003; Huang and Zhao, 2006; Huang
et al., 2009; Legendre et al., 2015b), and other seismic experiments
(Choi et al., 2012) provided additional details on the complexity of
the structure beneath the Sea of Japan. Recent studies suggested
that the formation of the Sea of Japan is related to back-arc exten-
sion whereas its evolution is linked to the deep subduction of the
Pacific slab as well as the mantle flow induced by the slab subduc-
tion (Tatsumi et al., 1990; Lei and Zhao, 2005; Zhao et al., 2009,
2011b; Lei et al., 2011, 2013; Wu et al., 2016). Anisotropic analyses
(Montagner and Tanimoto, 1991; Trampert and Woodhouse, 2003)
give further constrains on the evolution of the lithosphere beneath
the Sea of Japan. The anisotropic pattern at long periods has also
been compared with the Absolute Plate Motion of the region
(DeMets et al., 1990, 1994).

Azimuthal anisotropy can map the deformation at depth, and
may be related to past and present geodynamical events. Surface
waves allow for resolving the azimuthal distribution of anisotropic
structure (if any) at depth, and may thus be used to reconstruct
deformation history of the lithosphere in the study region. Here,
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we build maps of isotropic and anisotropic anomalies of the funda-
mental mode of Rayleigh-wave phase-velocity using teleseismic
data from seismic stations around the Sea of Japan. We observe
two independent anisotropic layers; the shallower one being asso-
ciated with the frozen sea-floor spreading anisotropy in the sub-
ducting Pacific slab, and the deeper one with current
asthenospheric flow.

2. Seismic data and phase-velocity measurements

To measure the Rayleigh-wave phase-velocities beneath the Sea
of Japan, we use the waveforms recorded at 22 broadband seismic
stations from local and international networks between January
2007 and December 2011. These include 8 stations from the China
National Seismic Network (CNSN) (Zheng et al., 2010), one station
from the Incorporated Research Institutions for Seismology (IRIS),
10 stations from the National Research Institute for Earth Science
and Disaster Prevention in Japan (NIED), and 3 stations from the
Korea Meteorological Administration (KMA). Despite a lack of seis-
mic stations in the northern part of the Sea of Japan, the stations
we used in this study are almost evenly distributed around our
study region (Fig. 2). However, the lack of seismic stations
deployed in the Sakhalin Oblast and in the easternmost part of Rus-
sia (Fig. 1) limits the coverage in the northeastern part of our study
region.

The two-station method, which we use here to measure disper-
sion curves of Rayleigh-wave phase velocity, was first introduced
by Sato (1955) and has been used to measure dispersion curves
of surface waves (Knopoff, 1972). In this study, we adopt the
implementation of the cross-correlation approach of Meier et al.
Fig. 2. Stations (triangles) and interstation paths (black lines). The colors of the triangles
path indicates a specific station pair used as an example in Fig. 4 to explain the metho
referred to the web version of this article.)
(2004) to the two-station method and the inversion scheme of
Lebedev et al. (2006) to build anisotropic maps.

The two-station method requires a small angle between the
great circle connecting the given two stations and the circle con-
necting this specific event to the station pair. The station pair
and the event are then considered aligned along the same great cir-
cle. In this study, we set an upper limit of 10� for this angle.
Another condition is that the epicentral distance between the
earthquake and the station pair is greater than the distance
between the two stations (the epicentral distance must be at least
three times larger than the distance between the two stations).
This ensures that the difference between the recorded waveforms
at the two stations mainly results from the structure between
the two stations. In our data set, epicentral distances are between
10� and 170�, and all interstation distances are in the range of 100–
2000 km.

Following these criteria, we extracted 26,312 vertical-
component sismograms from 1411 selected events (Fig. 3). For
each interstation pair, all phase-velocity measurements obtained
from earthquakes are averaged to derive the dispersion curve.
With 22 stations, the maximum number of station pairs is 231.
However, due to differences in the recording times of the selected
seismic stations, only 198 could be used. In addition, only high-
quality measurements were kept, further decreasing to 168 the
total number of interstation paths.

The phase-velocity measurement can be divided into two steps:
in the first step, we measure the phase-velocity using broadband
regional waveform records to determine the individual interstation
dispersion curve for a specific path connecting two stations and for
a specific event. For each selected event, the vertical-component
indicate the network: red (CNSN), blue (KMA), green (FNet) and pink (IRIS). The red
d. (For interpretation of the references to color in this figure legend, the reader is



Fig. 3. Seismic events used in this study. They occurred between January 2007 and December 2011. Circles represent the locations of the epicentres, with the colors indicating
the depths of the events (red: 0–100 km; green: 100–300 km; blue: 300+ km). The sizes of the circles are proportional to the event magnitudes. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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displacements recorded at the two stations in each pair are cross-
correlated (Fig. 4).

The cross-correlation function is first filtered with a frequency-
dependent Gaussian band-pass filter (Meier et al., 2004) to mini-
mize the effects of noise and interferences. Side lobes caused by
interaction of the fundamental mode with scattered waves and
higher modes are down-weighted by the application in the time
domain of a frequency-dependent Gaussian window to the filtered
cross-correlation function. A special effort was made on the quality
of the measurements to avoid scattered waves, multi-pathing or
off-great-circle propagation which bias our measurements
(Legendre et al., 2015c). This approach to filtering and windowing
is effective as long as the fundamental mode has the largest ampli-
tude in the seismogram and therefore dominates the contribution
to the cross-correlation function (Lebedev et al., 2006; Endrun
et al., 2011; Legendre et al., 2012), which is the case of our dataset.
The cross-correlation is then transferred to the frequency domain
(Fig. 5), and its complex phase is used to calculate the Rayleigh-
wave phase-velocity C(x), as detailed in previous studies (Meier
et al., 2004; Lebedev et al., 2006; Deschamps et al., 2008; Endrun
et al., 2011; Legendre et al., 2014a,b, 2015a).

In the second step, for each selected station pair, all measure-
ments from available earthquakes are averaged, resulting in a sin-
gle path-specific dispersion curve (Fig. 6). Averaged dispersion
curves that are constrained by at least 5 single event-specific dis-
persion curves are kept for further analyses, and the rest are dis-
carded. We repeated this procedure for each station pair, and
obtained a collection of 168 phase velocity dispersion curves for
the fundamental mode Rayleigh wave (Fig. 7).

As the interstation distance is relatively large (on average,
around 1500 km), measurements at short periods (30 s and
shorter) are less robust. Because here we focus on the structure
of the upper lithospheric mantle beneath the Sea of Japan, which
is sampled by periods in the range 20–100 s, this limitation alters
only very slightly our results. Our data set allowed measuring dis-
persion curves between 5 and 300 s, which we then invert for maps
of Raleigh-wave velocity anomalies at selected periods between 30
and 80 s, for which we have a good regional and azimuthal
coverage (Fig. 8). According to depth-sensitivity kernels (Fig. 9),
this range of period samples the whole crust and the lithospheric
mantle.

3. Inversion for phase-velocity maps

To recover maps of Rayleigh-wave velocity anomalies, we then
invert our collection of dispersion curves for both isotropic and azi-
muthally anisotropic (2w and 4w) Rayleigh-wave phase-velocity
maps at selected periods. At each point of the model, the total
velocity anomaly can be parameterized with 5 coefficients: one
for the isotropic phase-velocity variation, dCiso, 2 for the 2w-
variation, A2w, and B2w, and 2 for the 4w-variation, A4w, and B4w

(Deschamps et al., 2008; Endrun et al., 2011):

dC ¼ dCiso þ A2w cosð2wÞ þ B2w sinð2wÞ þ A4w cosð4wÞ þ B4w

� sinð4wÞ; ð1Þ
where w is the local azimuth of the ray. The amplitudes of azimuthal
velocity variation (K) and the directions of fast propagation (h) of
the 2w- and 4w-anisotropy are then given by:
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Note that in Eq. (2), the calculation of the fast directions for 2w
and 4w anisotropy ðh2w and h4w, respectively), takes into account
the p-periodicity of the arctangent function.

The model is parameterized on a triangular grid of knots
(Wang and Dahlen, 1995) with a grid spacing of 50 km. Each
dispersion curve yields the average phase-velocity along the
path linking the two stations as a function of period. The total

average phase-velocity anomaly along the ith path may be
written as the integral of local anomalies at each grid knot
sampled by the given path,

dCi ¼
Z
u

Z
h
Kiðu; hÞ dCðu; hÞ dh du; ð3Þ



Fig. 4. Vertical components of the displacement recorded at the pair of stations (top and center) and the cross-correlation function (bottom). The color plots show the time–
frequency diagram of the energy, where warm colors in the images indicate higher energy, and the maximal energy is plotted with a thin white line. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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where the local anomalies dCðu; hÞ are weighted by the sensitivity
kernels Kiðu; hÞ. The kernels provide the contribution at each knot
on a specific path to the total phase-velocity anomaly (Lebedev
and Van Der Hilst, 2008). The phase-velocities obtained from the
dispersion curves are averaged for each period, and the inversion
is performed to obtain the phase-velocity perturbations relative to
the regional average model.

Previous studies (Montagner and Tanimoto, 1990; Trampert
andWoodhouse, 2003) pointed out that the amplitude of 4w aniso-
tropy is comparable to that of the 2w anisotropy, and should thus
be taken into account in the inversion (Eq. (3)).
In our models, we also found that the amplitude of the 2w
anisotropy (defined in Eq. (2), displayed in Fig. 10) is larger than
that of the 4w term by a factor of 2, consistent with previous
studies using the same techniques (Deschamps et al., 2008;
Legendre et al., 2014a,b, 2015a). In our inversions, we consider
the phase velocity variation to be in the form of Eq. (1), i.e.
isotropic part, 2w part and 4w part. The inversion results show
that these three parts have different amplitudes, with the
isotropic part being dominant compared to the anisotropic
contributions, and the 2w anisotropy being slightly stronger than
the 4w anisotropy (Fig. 10). We consider all three parts in the



Fig. 5. Inversion of the cross-correlation function for a phase-velocity dispersion
curve. Possible solutions are represented by an array of curves (blue lines). The
model-predicted phase-velocity for the Rayleigh wave in Earth Model AK135 is
displayed in dashed line. The red part of the curve is the dispersion range selected
for this specific event. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Individual phase-velocity curves measured for different earthquakes (top)
and the average (bottom) with standard deviation (blue lines). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 7. Manually measured phase-velocity curves (black) for all station pairs. The
orange line is the predicted phase-velocity calculated from a 1D reference Earth
Model AK135 (Kennett et al., 1995), and the red line is the average curve for the
study region. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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inversion because 2w and 4w parts can reduce the residuals. It is
important to note that, including 4w anisotropy or not doesn’t
change the isotropic and 2w anisotropy models. However, unlike
2w anisotropy, which can be related to Lattice Preferred
Orientation (LPO) and/or Shape Preferred Orientation (SPO) and
to regional deformation, there is no clear mechanism to which
4w anisotropy can be linked. Therefore, we do not interpret 4w
result because it has smaller amplitude than 2w part (see discus-
sion on the reduced v2 below).

To control the quality of our inversions, we performed a series
of tests and corrections. First, we detect and reject the dispersion
curves that showed excessive deviations from the average
(Legendre et al., 2014a). For this purpose, we calculated the aver-
age phase velocity at each period using all the dispersion curves
in Fig. 7 and its first and second derivatives. Then, using a simple
least-squares misfit function, we rejected a certain amount of our
dataset to remove possible errors and inconsistent data, which
might affect our final model. Note that we applied this procedure
independently for each period. The results of these tests are
displayed in Fig. 11 and show that the dataset is very consistent.
With only 40% of the dataset (Fig. 11c), the general pattern of
the inversions does not change much compared to other models
with less data rejection (Fig. 11a and b). For our preferred
model, we selected a rejection threshold of 30%. Removing more
than 30% of the less consistent dispersion curves did not affect
much the resulting model (except the anisotropic pattern).
Furthermore, similar structures to those obtained with higher
rejection rates may be obtained by increasing the smoothing of
the isotropic term.



Fig. 8. Inter-station paths that provide phase-velocity measurements at specific periods: (a) 30 s, (b) 40 s, (c) 50 s, (d) 60 s, (e) 70 s and (f) 80 s. The red triangles represent
locations of the seismic stations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Sensitivities of the Rayleigh-wave phase velocities to shear-wave speed as functions of depth for selected periods.
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We then investigated the effect of regularization parameters.
Here, we discuss the influence of norm damping and smoothing
on the properties of the resulting model. Resolution is mainly con-
trolled by the cumulative sensitivity of the available data to isotro-
pic and anisotropic perturbations of the medium, but also by
additional a priori constraints such as norm damping and smooth-
ing. The norm damping is used to constrain the amplitudes of
phase-velocity perturbations during the inversion. Therefore,
investigating the influence of this parameter allows us to calibrate
our inversion. As shown in Fig. 11(e)–(h), the isotropic damping
does not affect the lateral distribution of the anomalies or the ani-
sotropic part. Increasing norm damping decreases the amplitude of



Fig. 10. RMS of the amplitudes calculated for all periods for the isotropic terms
(orange), the 2W anisotropy (green) and the 4W term (red). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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the velocity anomaly. Therefore the parameter has been set to
ensure a good agreement between the resulting model and the ini-
tial dispersion curves, from which the average velocity at selected
periods is known and the amplitudes of velocity perturbations can
be estimated. Similar tests have been performed to estimate the
amount of damping necessary for the anisotropic part of the model
(Fig. 11(i)–(l)).

Lateral smoothing penalizes the difference between the anom-
aly at a model knot and the average of the anomalies at its neigh-
boring knots by minimizing the first and second spatial derivatives
of velocity anomalies. The lateral smoothing weight is set up inde-
pendently for each period. We apply a stronger smoothing with
decreasing path coverage. Fig. 11(m)–(p) shows the effect of
smoothing on the resulting velocity model at a specific period of
40 s. If the smoothing weight is too low (Fig. 11m), small-scale arti-
facts may appear in the regions with poor data coverage (i.e. at the
borders of the model). If the smoothing weight is instead too high,
information on small-scale features is lost (Fig. 11p). Therefore, we
imposed a smoothing weight large enough in order to avoid arti-
facts yet still allowing the resolution of regional and local anoma-
lies. Fig. 11(m)–(p) further shows that the anisotropic pattern
remains mostly unchanged, indicating the robustness of the
inversion.

Similar tests have been conducted for the smoothing of the
anisotropic parameters (Fig. 11(q)–(t)). During all those tests
on isotropic and anisotropic smoothing and damping, we
selected all parameters independently. The resulting smoothness
of isotropic, 2w and 4w anisotropies are checked carefully, to
ensure there is limited leaking from anisotropy to isotropic.
The resulting L-curves are displayed Fig. 12. This figure highlight
the fact that there is a low trade-off between the isotropic and
anisotropic terms during the inversion process, which is already
suggested by the resolution tests on smoothing and damping
parameters.

When the anisotropic smoothing factor increases, information
on the local changes of fast direction of the anisotropy vanishes,
and only the average direction of the anisotropy in the region
(for a selected period) is visible. We then test the robustness of
the structures imaged by our inversion, by performing a series of
resolution tests (Fig. 13). For each test, an input test model is first
created with representative patterns for both isotropic and aniso-
tropic anomalies (Fig. 13(a)–(c)). We then generate synthetic data
from these input models, and invert these synthetic data under the
same conditions as the real data (Fig. 13(d)–(f)). In particular, the
same amount of smoothing and damping, and the same path
coverage are used for a given period. This allows testing for the
reconstruction of both isotropic anomalies and anisotropic
patterns. The retrieval of the isotropic anomalies should display
correct amplitudes and locations. The anisotropic features should
be retrieved with consistent directions and amplitudes. Note that
the resolution tests presented here addressed the coverage by
the data only and no additional noise has been added. The main
sources of errors in the actual inversions are those in the dispersion
curves and diffraction effects, which are not accounted for by the
approximate sensitivity kernels Kiðu; hÞ in Eq. (3) that we used.
Given the very substantial redundancy of our coverage provided
by the hundreds of crossing paths, random errors are unlikely to
have any systematic impact on the results (Legendre et al., 2012).
Inversion result shows only small deviation between input and
output models both in the azimuth of fast direction and in
amplitude. In addition, the output model did not show substantial
isotropic perturbations.

Finally, to test the ability of the anisotropy to explain the raw
data, we performed a set of inversions in which anisotropic terms
are neglected. Damping and smoothing are similar to those of the
preferred model. Because the number of parameters is not the
same among the inversions, comparing the variance reductions
obtained for each inversion is meaningless. Therefore, we com-
puted the reduced v2, as defined by Trampert and Woodhouse
(2003):

v2 ¼ 1
NP � Tr

ðd� GmÞTC�1
d ðd� GmÞ ð4Þ

where NP is the number of data, Tr the trace of the resolution
matrix, d the data, G the kernel matrix, m the model vector, and
Cd the covariance matrix. Models with smaller reduced v2 explain
the data better. To decide whether differences in reduced v2 are sig-
nificant, we performed F-tests (Bevington and Robinson, 2003). For
all periods, the reduced v2 is smaller when anisotropy is accounted
for (Fig. 14). However, the decrease in v2 is modest in the period
ranges 30–70 s, and F-tests show that these differences are not sig-
nificant. At periods of 80 s, the decrease in v2 is more relevant, and
F-tests indicate that it is slightly more significant. The reduced v2

decreases further when 4w terms are accounted for, but compared
to the model with isotropic and 2w terms only, differences are very
small and F-tests show that this v2 reduction is not significant.
Overall, these tests suggest that the contribution of the 2w anisotro-
pic term and the 4w anisotropic term may not be needed to explain
our data in all our period ranges, which is consistent with previous
study by Abe and Kanamori (1970). However, because the ampli-
tudes of the 2w and 4w anisotropy are not negligible compared to
the isotropic anomalies, we accounted for these terms in the inver-
sion. Furthermore, we propose a possible interpretation for the 2w
anisotropy (Sections 4 and 5) that is consistent with the identified
tectonic and geodynamics events, thus giving support to the pres-
ence of anisotropy.

4. Results

Fig. 15 plots our preferred model for selected periods in the
range 30–80 s. The background color map represents the isotropic
anomalies, and the direction and size of the bars indicate the direc-
tion of fast propagation and amplitude of 2w anisotropy.

At periods of 30 s and 40 s (Fig. 15 a and b), the pattern of iso-
tropic anomalies is dominated by two main regions. The central
part of the Sea of Japan mostly displays fast velocities (up to +5%
velocity perturbations), whereas the surrounding regions show
slow velocities (up to �4% perturbations in the east). Interestingly,
at 40 and 50 s, the separation between slow and fast velocities is
well correlated with the boundary between the Okhotsk and Amur
plates (Bird, 2003). Around 60 s period, there is a change in the



Fig. 11. Inversion tests. The models have been calculated for a specific period of 40 s with our preferred parameters (framed in dark blue in panels b, f, j, n and r), with
decreasing percentage in the rejection of data, from (a) 0% to (d) 90% with an interval of 30% between each image, increasing damping values from (e) to (h) for isotropic
components, increasing damping values from (i) to (l) for anisotropic components, increasing smoothing values from (m) to (p) for isotropic components, and increasing
smoothing values from (q) to (t) for anisotropic components. The preferred parameter chosen for the final inversion is framed in dark blue. The number in green in the bottom
right indicates the chosen value for the selected parameter. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 12. Smoothness of the models calculated with respect to the selected parameters for the smoothing on the isotropic component (a), the damping on the isotropic
component (b), the smoothing on the anisotropic component (c), and the damping on the anisotropic component (d). The blue curves are the model smoothness for the
isotropic part of the model, the red curves are the model smoothness for the 2w anisotropy part of the model, and the green curves are the model smoothness for the 4w
anisotropy part of the model. The black stars indicate the preferred chosen values for each parameter. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 13. Resolution tests. (a–c) Input test models at periods of 40, 60 and 80 s; and (d–f) reconstructed models for respective periods. The reconstructions are performed to
test the retrieval of both isotropic and anisotropic structures.
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Fig. 14. Reduced v2 as a function of period. Inversions are performed for isotropic
anomalies only (orange stars), isotropic and 2w-anisotropy anomaly (green
diamonds), and isotropic and full anisotropy (2w and 4w) (red circles). The other
parameters (grid spacing, rejection, damping and smoothing factors) are the same
as those of the preferred values. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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pattern. Fast velocities are found mostly to the northern and east-
ern part of our model, whereas the central part of the Sea of Japan
displays slow velocities (up to �5%). Finally, at 70 and 80 s period,
the dominant feature is a dichotomy between the southwestern
part of the Sea of Japan (up to �4% perturbations) and its
Fig. 15. Isotropic (background color) and azimuthally anisotropic (yellow lines) phase-v
80 s. (For interpretation of the references to color in this figure legend, the reader is ref
northeastern part (up to +5% velocity perturbations) becomes
the dominant feature.

The anisotropic pattern changes with period, but is regionally
more coherent than the isotropic pattern. At periods of 40 and
50 s, sampling the lower crust and upper lithospheric mantle, the
anisotropy in the Sea of Japan is about 1% in amplitude, with a
mostly NE-SW direction of fast propagation. Note that this direc-
tion slightly varies around the central part. Furthermore, it turns
to a NW-SE direction beneath the Honshu and Hokkaido Islands.

At periods of 60 s and longer, anisotropy is different from that at
shorter period. Beneath the Sea of Japan and the Japanese Islands,
the 2w anisotropy reaches 0.5–1% in amplitude, with a NE-SW
direction of fast propagation, i.e. roughly perpendicular to that at
30–40 s. Beneath south of Korea and east of Kyushu, by contrast,
the direction of fast propagation is NW-SE.

At periods of 50–70 s, the isotropic and anisotropic patterns
change slightly beneath the Sea of Japan (isotropic) and the Japa-
nese Islands (anisotropic). This suggests a transition zone between
the anisotropy found at shorter periods (around 30 s) and those
found at longer periods (70 s and longer).

5. Discussion

In this section, we discuss our results (Fig. 15) and compare
them with previous studies. We also provide some tectonic and
geodynamical interpretations for the evolution of the lithosphere
beneath the Sea of Japan.
elocity maps for specific periods: (a) 30 s, (b) 40 s, (c) 50 s, (d) 60 s, (e) 70 s and (f)
erred to the web version of this article.)



Fig. 16. Sketch of the possible deformation pattern in the region based on our
anisotropic model. The average anisotropic patterns at different periods (orange:
30 s, sampling the upper lithosphere; blue: 60 s, sampling the lower lithospheric
and asthenospheric mantle). The origin of the anisotropy is indicated by the green
arrows (opening of the Japan Basin) and the brown arrow (slab interaction). The
Absolute Plate Motion (Bird, 2003) is indicated with the red arrow. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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5.1. Korean Peninsula

Beneath the Korean Peninsula, our model predicts positive iso-
tropic velocity anomalies in the period range 30–40 s, but negative
anomalies at longer periods (50–80 s).

Shorter periods (30 s, sampling the deep crust) display fast
velocities beneath Korea, consistent with previous surface-wave
tomographic imaging by Cho et al. (2007) and ambient noise
cross-correlation study by Kang and Shin (2006). At 30–40 s, the
fast velocities are also in good agreement with tomographic stud-
ies at larger scale (Friederich, 2003; Lebedev and Nolet, 2003; Gao
et al., 2011; Legendre et al., 2015b), and are consistent with previ-
ous observations and crustal models of mainland China (Zheng
et al., 2008; Sun et al., 2010; Zhou et al., 2012), receiver function
analyses (Yoo et al., 2007; Chen et al., 2010), gravity measurements
(Xu, 2007), and surface-wave analysis of the East China Sea and
Korean Peninsula (Legendre et al., 2014b). Our phase-velocity
maps beneath the Korean Peninsula are furthermore in agreement
with previous studies and with characteristic features of the geo-
logical map of the region, displaying high velocities in the regions
where granitoid basement rock outcrops are located (Pouclet et al.,
1994; Kang and Shin, 2006; Cho et al., 2007; Yoo et al., 2007; Choi
et al., 2013; Lee et al., 2015).

The anisotropic pattern is fairly stable in the lithosphere
beneath the Korean Peninsula (sampled by periods of 50 s and lar-
ger), displaying very small amplitudes. This coincides well with the
timing of the volcanic activity during the Mesozoic and Cenozoic
(Kim et al., 2014). The lack of recent volcanic activity, combined
with the fast velocities found at periods of 30 and 40 s, suggests
the presence of a possible deep magmatic reservoir, inferred by
slow velocities found at 50 s and longer, as already observed in
Legendre et al. (2014b).

5.2. Japan Basin

In the northern part of our model, covering the Japan Basin
(Fig. 1), the path coverage is quite sparse (Fig. 8) due to the lack
of seismic stations deployed in the north (Fig. 2). In this region,
our models display slow velocities beneath the Japan Basin in the
period range 30–50 s, and fast velocities for periods of 70 s and
longer. This correlates well with the variations of thickness of the
crust, i.e. thicker in the south and thinner beneath the Japan Basin
(Kim et al., 1994; Kurashimo et al., 1996; Sato et al., 2004): thick
crust will display lower velocities in the shallow lithospheric depth
because surface waves sensitive to that depth wave will sample
more crustal than lithospheric mantle due to the thick crust. The
decrease in crustal thickness towards the north was widely influ-
enced by the tectonic history of the back-arc spreading that formed
the Sea of Japan from 32 to 10 Ma (Tamaki, 1992; Pouclet et al.,
1994; Choi et al., 2013; Zahirovic et al., 2013, 2014; Yoon et al.,
2014).

At periods of 30–40 s, the direction of fast propagation in the
Japan Basin is mostly NE-SW, parallel to the direction of the open-
ing of the Sea of Japan. This area belongs to the North American
Plate or Okhotsk Plate, which displays slow velocities beneath
the Japanese Islands and beneath the Japan Basin at periods of
30–60 s, and fast velocities at periods of 70 s and longer. For peri-
ods longer than 60 s, sampling the top of the asthenosphere, the
anisotropy beneath the central part of the Sea of Japan is parallel
to the direction of the Absolute Plate Motion (DeMets et al.,
1990, 1994; Bird, 2003) of the Amur Plate (roughly NNE/SSW), as
shown in Fig. 1, suggesting that it results from current deformation
related to asthenospheric flow. At shorter periods (40–50 s), sam-
pling the lower crust, the direction of fast propagation is again
NE-SW, but the possible origin of the anisotropy is less clear. The
fast direction does not fit the direction of the opening of the Sea
of Japan. Because it matches the APM of the Amur Plate (Bird,
2003), it could be related to an earlier motion of the Amur Plate,
as the lithosphere was thinner.
5.3. Subduction zones

Beneath the Japanese Islands, slow velocities are found at peri-
ods in the range 30–60 s, whereas fast velocities are seen at longer
periods (70–80 s). Beneath the Japanese Islands, the slabs are dip-
ping at an angle of about 30� (Hasegawa et al., 2013; Liu et al.,
2013), and the slow velocity observed at 30–60 s in this region
may be related to crustal thickening above the slab (Fig. 16). Ray-
leigh waves at these periods would then sample the crust beneath
the Japanese Islands, and the lithospheric mantle west of these
islands. It is also interesting to note that the transition between
the fast and slow velocity is well correlated with the boundary
between the Okhotsk and Amur plates (Bird, 2003). The orientation
of the fast axis of anisotropy is also very different from the sur-
rounding areas, indicating a different mechanism of deformation.
Beneath the subduction zone, trench-normal anisotropy can be
seen at periods of 30–40 s, whereas a trench-parallel anisotropy
is found at longer periods (70–80 s).

The trench perpendicular anisotropy at periods of 30–60 s could
be related to crustal slicing triggered by the descent of the slab.
Such a mechanism was suggested to explain seismic anisotropy
observed in the central Alps (Fry et al., 2010). Trench-parallel ani-
sotropy, as we observe here in the range 70–80 s, has not been
observed in all subduction system, but Long and van der Hilst
(2006) concluded that for the Ryukyu subduction system the most
likely explanation for the observations of trench parallel aniso-
tropy is the corner flow in the mantle wedge combined with the
B-type olivine fabric (Kao et al., 1998; Kneller et al., 2005). Aniso-
tropy beneath the Japan subduction zone has been investigated
using SKS splitting measurements (Nakajima and Hasegawa,
2004; Tono et al., 2009; Huang et al., 2011), and P-wave azimuthal
anisotropy (Ishise and Oda, 2005; Wei et al., 2015; Zhao et al.,
2015). Most of these studies found a consistent anisotropic pattern
beneath the Sea of Japan, with fast direction of the azimuthal ani-
sotropy parallel to the trench in the lithosphere, and trench-
normal in the asthenosphere. Behn et al. (2007) considered several
models to explain the trench-parallel anisotropy under the vol-
canic front, including slab rollback, oblique subduction, and defor-
mation of water-rich olivine, to explain trench-parallel anisotropy,
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and concluded that none of these mechanisms are consistent with
all observations. Instead, small-scale convection driven by the
foundering of dense arc lower crust may explain for the trench-
parallel anisotropy, even in settings with orthogonal convergence
and no slab rollback.

Although seismic anisotropy in the upper mantle is generally
attributed to the crystallographic-preferred orientation (CPO) of
olivine crystals, the strong trench-parallel anisotropy observed in
several subduction systems (as the Ryukyu Trench) is difficult to
explain in terms of olivine anisotropy only. Katayama et al.
(2009) showed that the lattice-preferred orientations (LPO) of ser-
pentine, the main hydrous mineral in the upper mantle, can pro-
duce the strong trench-parallel seismic anisotropy observed in
subduction systems because the anisotropic amplitude due to ser-
pentine is much larger than that due to olivine. Recent shear-wave
splitting measurements display constant NW fast direction in a
broad region below the mantle wedge of the Japan subduction
zone (Tono et al., 2009). The constant NNW fast direction of the
anisotropy would be consistent with the anisotropic pattern we
observe in this region at periods of 30–40 s (sampling the mantle
wedge). These measurements have been attributed to the fossil
sea-floor spreading anisotropy in the subducting Pacific slab, due
to the fact that such anisotropy may have been preserved during
its subduction down to the transition zone (Tono et al., 2009).
5.4. Southern part of the Sea of Japan and East China Sea

In the southern part of our model, south of the Kyushu Island
and the Korean Peninsula (Fig. 1), we see fast velocities at shorter
periods (30 s) and slow velocities at longer periods (40–80 s). The
anisotropy is relatively uniform in this area, with a NW-SE direc-
tion at all periods. The low anisotropy at 30 s and the constant
direction of the anisotropy at periods of 40 s and longer could indi-
cate that this region has been less affected by surface deformation,
with less rifting and no oceanization, leading to a more uniform
pattern of anisotropy. The region beneath the Kyushu Island
extending towards the Korean Peninsula might be the southern
extent of the fast anomaly beneath the continental crust of the
Sea of Japan (Ulleung and Yamato Basins). In the east, slow veloc-
ities are seen at periods of 30–60 s, probably due to the oceaniza-
tion of the Japan Basin, whereas in the west, fast velocities are
found at similar periods.
5.5. Comparison with previous studies

Our model is generally in good agreement with tomographic
studies at larger scale (Friederich, 2003; Lebedev and Nolet,
2003; Gao et al., 2011; Legendre et al., 2015b). However the lack
of resolution of those models does not allow for local interpreta-
tions. Recent noise tomography for monitoring the Sea of Japan
(Yoshizawa et al., 2010; Lee et al., 2015) presents high-resolution
tomographic images of the region for shorter periods (up to 30–
40 s). These studies focus on the strait between Korea and Japan,
and interestingly, we observe similar pattern to those in the isotro-
pic part of our model in this region. Body-wave tomography
(Hirahara and Mikumo, 1980; Hirata et al., 1989; Zhu et al.,
2002; Honda and Nakanishi, 2003; Matsubara et al., 2005, 2008;
Hirose et al., 2008; Zheng et al., 2011) and surface wave tomogra-
phy (Friederich, 2003; Huang et al., 2003; Lebedev and Nolet, 2003;
Legendre et al., 2015b) at a local scale also display similar features
to our model, including the dichotomy between the continental
and oceanic crust beneath the Sea of Japan.

The main contribution of this work is to present isotropic and
azimuthally anisotropic Rayleigh-wave phase-velocity maps
beneath the Sea of Japan. Those maps allow the examination of
azimuthal anisotropy at different periods (depths), which can be
related to the evolution of the lithosphere in this region.
6. Conclusions

We have constructed isotropic and azimuthally anisotropic
Rayleigh-wave phase-velocity maps for the Sea of Japan in the per-
iod range 30–80 s, and using regional broadband records from
multiple networks including the China National Seismic Network,
the Korea Meteorological Administration, the National Research
Institute for Earth Science and Disaster Prevention in Japan, and
the Incorporated Research Institutions for Seismology. This study
displays for the first time the examination of azimuthal anisotropy
with depth beneath the Sea of Japan, which is summarized in
Fig. 16. The models we obtain reveal features changing both later-
ally and with period (i.e. with depth). Anisotropy is not needed to
explain the raw data. However, if it is present, our models resolve
two distinct anisotropic layers, which may have different origins.
In the period range 30–50 s, anisotropy beneath the Japanese
Islands may be related to crustal slicing. The origin of the aniso-
tropy we observe at these periods in the Sea of Japan is more
uncertain. At periods of 60 s and longer, sampling the top of the
asthenosphere, anisotropy may be related to asthenospheric flow.
The anisotropic pattern coupled with the isotropic velocity pertur-
bations can be used to sketch the tectonic units in the region: the
boundary between continental and oceanic lithospheres, and the
boundary between North American, Eurasian and Pacific plates.
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