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Geographical distribution of shear wave
anisotropy within marine sediments in the
northwestern Pacific
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Abstract

In the northwestern Pacific, the elastic properties of marine sediments, including P-wave velocities (Vp) and S wave
velocities (Vs), have recently been constrained by active seismic surveys. However, information on S anisotropy
associated with the alignments of fractures and fabric remains elusive. To obtain such information, we used
ambient noise records observed by ocean-bottom seismometers at 254 sites in the northwestern Pacific to
calculate the auto-correlation functions for the S reflection retrieval from the top of the basement. For these S
reflections, we measured differential travel times and polarized directions to reveal the potential geographical
systematic distribution of S anisotropy. As a result, the observed differential times between fast and slow axes were
at most 0.05 s. The fast polarization axes tend to align in the trench–parallel direction in the outer rise region. In
particular, their directions changed systematically in accordance with the direction of the trench axis, which
changes sharply across the junction of the Kuril and Japan trenches. We consider that a contributing factor for the
obtained S anisotropy within marine sediments in the outer rise region is primarily aligned fractures due to the
tensional stresses associated with the bending of the Pacific Plate. Moreover, numerical simulations conducted by
using the three-dimensional (3D) finite difference method for isotropic and anisotropic media indicates that the
successful extraction of S anisotropic information from the S reflection observed in this study is obtained from near-
vertically propagating S waves due to extremely low Vs within marine sediments. In addition, we conducted an
additional numerical simulation with a realistic velocity model to confirm whether S reflections below the basement
can be extracted or not. The resultant auto-correlation function shows only S reflections from the top of the
basement. It appears that such near-vertically propagating S waves obscure S reflections from interfaces below the
basement.
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Background
Seismic information of marine sediments is important
for understanding their historical development as well as
for performing seismological techniques including travel
time corrections for imaging underlying structure and for
the determination of hypocenter locations. The Pacific
Plate in the northwestern Pacific is one of the best seis-
mically characterized oceanic plates (e.g., Kodaira et al.,

2014). Constraints of the P-wave velocity (Vp) structure at
the shallow part of the plate have been accomplished by
seismic refraction and reflection surveys focusing on
structures beneath the seawater (Cadet et al., 1987; Shima-
mura et al. 1983; Fujiwara et al., 2007; Shinohara et al.
2008). S wave velocity (Vs) structures have also been well
confined, particularly at depths shallower than the top-
most of the oceanic mantle by active seismic surveys
(Fujie et al., 2013). At greater depths, surface wave (Isse et
al., 2009) and receiver function (Kawakatsu et al., 2009;
Kumar et al. 2011) analyses have revealed Vs structure be-
neath the ocean.
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Despite the soft materials, it has been shown that the
elastic properties of marine sediments have anisotropic
structures by using signals from active seismic sources
in the Nankai Subduction Zone, Japan (Tsuji et al. 2011).
Such an anisotropic structure is potentially indicative of
the existence of aligned cracks or fractures associated with
the stress field at local or regional scales. When compres-
sional stress is applied to a medium, cracks open under
certain conditions with their major (long) axes aligned
along the direction of compression. The fast polarization
direction is taken to be the direction of the major axis in
the case of ellipsoidal cracks (e.g., Hudson 1981). Thus, in
addition to the fact that Vs is extremely sensitive to the
presence of fractures, fluids, and hydrous minerals within
a medium, because anisotropic parameters are key to un-
derstanding the alignments of cracks beneath the seafloor
structure, more detailed material information within mar-
ine sediments could be obtained by combining these elas-
tic parameters with Vp profiles and reflection images. It is
therefore useful to construct a method to obtain Vs and
its anisotropic information within marine sediments by
using ocean-bottom seismometer (OBS) records.
Ambient noise correlation is capable of detecting

surface (Campillo and Paul 2003; Shapiro and Campillo
2004), body (Roux et al. 2005; Miyazawa et al. 2008; Boué
et al. 2013; Nakata et al. 2015), and reflected (Draganov et
al. 2007, 2009; Zhan et al. 2010; Ryberg 2011; Poli et al.
2012a, 2012b; Ruigrok et al. 2012; Tibuleac and von Seg-
gern 2012) waves propagating within a background wave-
field. Tonegawa et al. (2013) calculated auto-correlation
functions (ACFs) by using ambient noise at 1–3 Hz re-
corded by three broadband OBSs deployed on the outer

rise region in the northwestern Pacific. The ACFs success-
fully showed S reflection retrieval from the basement and
an S anisotropy of 2 % within marine sediments from
differential travel times of the S reflections polarized in
various directions. However, the result relevant to S an-
isotropy was determined from only one OBS site among
the three; one of the remaining two sites represented
relatively weak S anisotropy (<0.5 %) and the other one
showed no S reflections. It is thus necessary to confirm
whether the features reported by Tonegawa et al. (2013)
are ubiquitous in the northwestern Pacific.
In this paper, we investigate S reflection retrieval by using

continuous records observed at 254 OBS sites extending
over an area of 500 × 500 km2 in the northwestern Pacific
(Fig. 1) and also investigate features related to S anisotropy
within marine sediments, including its degree and fast
polarization direction. Moreover, by conducting three-
dimensional (3D) numerical simulations with finite dif-
ference methods, we verify what kind of environment
causes bias for the estimation of anisotropic parame-
ters. Further, we compare the retrieval of S reflection
between our observation and synthetic waveforms ob-
tained by using a realistic velocity model. Finally, we inter-
pret the potential causes of observed anisotropy within
marine sediments.

Methods
Deploying three-component, short-period (4.5 Hz) sensors
with a station spacing of 6 km, we constructed six linear
OBS arrays in the northwestern Pacific for seismic explor-
ation surveys during 2009 and 2010 (Fujie et al. 2013).
The observation period for each OBS was between 1 and
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Fig. 1 Locations of the examined ocean bottom seismometer (OBS) sites. a The six linear arrays along A–A′, B–B′, C–C′, D–D′, E–E′, and F–F′ consisting
of short-period (4.5 Hz) OBSs (yellow triangles). The ellipse shows an area of the abyssal plain in the region where OBSs were deployed. b Map showing
the northwestern Pacific with contours (white lines) of the plate age. The yellow rectangle corresponds to the area shown in Fig. 1a
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2 weeks. The continuous record for each OBS was domi-
nated mainly by signals of air gun shots, but ambient noise
without shot signals was also recorded with a time length
of at least 1 day. This allowed us to use the record for am-
bient noise analysis for each OBS site. The six linear arrays
thus totally provided a total of 254 sites with a 1-day am-
bient noise record. The horizontal direction of each OBS
could be estimated by using air gun shot signals, because
the locations of the shots and the OBSs were well con-
strained. In the case that the horizontal direction could
not be estimated owing to the fewer available number of
the shot signals with good signal-to-noise ratio (S/N), we
did not use records observed by such OBSs, resulting in
201 available OBS sites.
The processing for S reflection retrieval from the OBS

records was identical to that reported in previous re-
search (Tonegawa et al. 2013) except for the frequency
range used. We applied a band-pass filter of 2–5 Hz to
the continuous records of two horizontal components.
We then synthesized ambient noise records for each azi-
muth by rotating the two horizontal components at 5°
increments, removed energetic seismic signals, calcu-
lated ACFs from continuous records with a time length
of 600 s, and stacked the ACFs over the course of 1 day.
Tonegawa et al. (2013) reported that the travel time of S
reflection emerged in the ACF was stable when using a
continuous record for 1 day. The rotation angle was
measured clockwise from the north. The ACFs of ambi-
ent noise rotated for all directions allowed us to extract
S reflections with various polarization directions.
To examine the differential travel times of S reflections

polarized into various directions, we first calculated a refer-
ence waveform by stacking the ACFs over all of the rotated
directions. We then cross-correlated the stacked S reflec-
tion in the waveform with those of every 1-day stacked
ACF at every rotated direction. The same time window was
adopted for both the reference waveform and each ACF
trace: 1–2 s around the S reflection, as shown by the red
dots in Fig. 2a. This time window was selected by roughly
hand-picking the start and end times of the S reflection.
ACF traces without red dots in Fig. 2b were not used in this
study because of unclear S reflections. Similarly, we esti-
mated differential travel times and fast polarization direc-
tions for other linear arrays. The degree of S anisotropy was
estimated by dividing the differential travel times of the S
reflection between fast and slow axes by the absolute travel
time of the S reflection. We considered the lag time of the
negative peak of the S reflection that emerged in the refer-
ence waveform as the absolute travel time.

Results
S reflection retrieval in the northwestern Pacific
Figure 2a shows the ACFs obtained by using the north–
south (NS) component along line A–A′; we did not

display ACFs at OBSs for which the horizontal direction
could not be estimated. The ACFs show large ampli-
tudes with negative polarities at a lag time of 2–6 s; the
right (left) direction indicates positive (negative) polarity
in the figure. Because such features are consistent with
those obtained in the previous research (Tonegawa et al.
2013), these signals would correspond to the S reflection
from the basement. The obtained lag time of the S re-
flection in the ACFs corresponds to the two-way travel
time of an S wave propagating between the seafloor and
basement. An additional phase with weak amplitude at a
lag time of 4–12 s in the ACFs is the first-order multiple
reflection. S reflections from other interfaces related to
the crust and mantle cannot be observed in the ACFs.
Impulse-like reflections can be traced in the northern

part of line A–A′ (x < 350 km), whereas S reflections in
the southern part show multiple peaks, which is consist-
ent with the seismic survey result. A post-stack time mi-
gration of multi-channel seismic (MCS) reflection survey
data has been previously performed along A–A′ (Fig. 2c)
by Fujie et al. (2013). Fujie et al. (2013) reported that the
sub-seafloor structure in the southern part (x > 350 km)
was formed near the spreading center and that the sub-
seafloor structure around the region was deformed by
magma-involved activity and normal faults during its
formations. This explains the remarkably complex top-
ography of the basement in the southern part, as shown
in Fig. 2c, in addition to the multiple peaks of ACFs at
the OBSs in the southern part (Fig. 2b).
Similar features can be identified along other lines; the

ACFs along lines C–C′, D–D′, and E–E′ almost all show
single, negative peak S reflections (Fig. 3b, c, and e). On
the contrary, because the transect along line F–F′ is
likely to show multiple peaks of S reflections, the struc-
ture around this region may be also affected by seafloor
formation (Fig. 3d). Moreover, the features along line
B–B′ appear to be somewhat complicated. The ACFs show
unclear S reflections in the eastern part of line B–B′ (Fig. 3a)
and multiple peaks of S reflections in the western part. To
interpret the features of the emerged reflections in detail, it
would be necessary to reveal the detailed structures from
seismic surveys along line B–B′.

Vp/Vs within marine sediments
The time migration result (Fujie et al. 2013) provides
us information relevant to the two-way travel time of
P-wave between the seafloor and basement. Using the
two-way travel times of P and S reflections, we can esti-
mate Vp/Vs within the marine sediments. Given a Vp of
1.6 km/s for marine sediments (Shinohara et al. 2008) and
an air gun shot frequency range of 5–20 Hz, as used by
Fujie et al. (2013), the wavelengths of P-waves within the
sediments are 80–320 m. In the case of S waves with an
employed frequency range of 2–5 Hz and a Vs of 0.2 km/s
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(Tonegawa et al. 2013), the wavelength becomes 40–100 m,
indicating that estimation of Vp/Vs within marine sedi-
ments can be performed with mostly comparable wave-
lengths between P and S waves. Figure 2d shows the
estimated value of Vp/Vs for each OBS site. Although the
Vp/Vs is roughly concentrated around 8, it appears that
the value decreases gradually from 9 to 7 northward from
the location of x = 350 km. Because Fujie et al. (2013)
found an increase of Vp/Vs at the basement around the
outer rise region, this may correspond to water infiltration

downward from the sediment to the basement. However,
it is also possible to consider that water trapped inside the
sediments escapes upward due to its buoyancy through
fractures formed around the outer rise region. In the
southern part, the estimated Vp/Vs may be unstable due
to multiple peaks of S reflections.

S anisotropy within marine sediments
The estimation of a fast axis at each OBS site is summa-
rized in Fig. 4a. The length and direction of the yellow
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Fig. 2 S reflections that emerged in the auto correlation functions (ACFs) along A–A′. a The bathymetry along A–A′. b The ACF transect along
A–A′. Left/right direction corresponds to negative/positive polarity for the ACF. An ACF is plotted for each ocean-bottom seismometer (OBS)
site. Red dots indicate the time window for searching anisotropic parameters, differential travel time and fast polarization direction. c Post-stack time
migration of multi channel seismic (MCS) data along A–A′ (after Fujie et al. 2013). d Vp/Vs along A–A′. The two-way travel time of S reflections obtained
in this study is divided by that of P reflections from a seismic survey (after Fujie et al. 2013)
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bar in the figure indicate the degree of S anisotropy and
its fast polarization direction. Herein, as shown in Fig. 4b,
we define the following three regions: area A, the region
from the top of the outer rise to the trench; area B, the
region between the top of the outer rise and just short
of the abyssal plain; and area C, the region of the abyssal
plain where the bathymetry and basement are remark-
ably undulating. The most pronounced feature is that
the fast axes are estimated to be in the trench–parallel
direction in area A, except for the southern part of area
A, as will be subsequently discussed. On the contrary,
the degree of anisotropy decreases abruptly in area B
(<0.5 %), compared with that in area A (1–2 %). These
features are in good agreement with those reported pre-
viously (Fig. 4a; Tonegawa et al. 2013). Moreover, it ap-
pears that the anisotropic characteristics are complex in
area C, probably reflecting large lateral heterogeneities
within the sediments in the abyssal plain.
We plotted a rose diagram (Fig. 4c, d) by using the yel-

low bars shown in box 1 in Fig. 4a. The degree of the
anisotropy was averaged at each azimuth bin with an
interval of 10°. The fast polarization direction in box 1 is
estimated to be ENE–WSW, which is in good agreement
with the direction of the Kuril Trench (denoted by the
red arrows in Fig. 4c). The degree of the anisotropy was
approximately 1.5 %. The rose diagram in box 2 shows
an NS-trending fast axis with an anisotropy of 1 %
(denoted by the red arrows in Fig. 4d), the direction of
which is parallel to the trench axis. Both diagrams
show directions other than the trench–parallel. The

rose diagram in box 1 shows a fast axis at N 30° E with
an anisotropy of 1.5 %. The fast polarization direction in
the rose diagram in box 2 shows several patterns, includ-
ing fast axes at N 45° E and N 30° E with an anisotropy of
2–3 % (denoted by blue and pale-blue triangles in Fig. 4d)
and a NW–SE-trending fast axis with an anisotropy of
1 % (denoted by the orange triangle in Fig. 4d). The fea-
tures in box 2 can also be observed in the magnified map
image in Fig. 4e.

Discussion
Numerical simulation for retrieving S reflection
An understanding of the mechanism inducing the differ-
ential travel times of S reflections polarized into various
directions would be useful for interpretation of the ob-
tained S anisotropy. Herein, we performed numerical
simulations to investigate S reflection retrieval and the
characteristics of their differential travel times with two-
layered simple velocity models based on the following three
cases: (1) a comparison of S reflections from horizontal and
dipping interfaces in a two-layered isotropic medium with
evenly distributed sources, (2) S reflection retrieval
from a horizontal interface in anisotropic upper and
isotropic lower layers with evenly distributed sources,
and (3) S reflection retrieval from a horizontal interface in
anisotropic upper and isotropic lower layers with unevenly
distributed sources.
The retrieval of reflections with passive sources has

been previously examined by using numerical simulations,
in which the sources were randomly distributed and
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subsequently activated (e.g., Draganov et al. 2004;
Thorbecke and Draganov 2011). Thorbecke and Draganov
(2011) reported that the accuracy of retrieved reflections
depends on several factors such as the duration and num-
ber of passive sources and the distribution and strength of
the sources. Their findings indicate that careful consider-
ations of the aforementioned source parameters should be
required for the construction of accurate reflections. In
addition, it is possible that the S reflections observed in this
study were excited by fluid disturbances such as wave–
wave interactions (Longuet-Higgins 1950) above the sea-
floor; this also requires careful parameterizations with re-
gard to the source setting. In this study, we considered
only ideal source parameterizations to mainly evaluate

structural parameters affecting the differential travel times
of S reflections polarized into various directions and to re-
duce computational costs. Sources with the same strengths
were evenly distributed below the seafloor, as is subse-
quently discussed.
We employed the 3D finite difference method based

on rotated staggered grids with second-order calculation
accuracies in time and space (Saenger 2000). The calcu-
lation was performed in the displacement–stress scheme
with a time step of 0.005 s. However, when more accur-
ate information was required to evaluate travel time, we
conducted the calculation with a time step of 0.001 s.
For such cases, we inserted the term 0.001 s after the
obtained time. We calculated wavefields for anisotropic

(a) (c)

(b)

(e)

(d)

Fig. 4 S anisotropy within marine sediments in the northwestern Pacific. a Yellow bars represent the degree of anisotropy and the fast polarization
direction at each ocean-bottom seismometer (OBS) site. Mechanism solutions, which were determined by F-net centroid moment tensor (CMT) with
M > 4 and depths shallower than 60 km (Fukuyama et al. 1998; Okada et al. 2004), are displayed by red beach balls. Red triangles and orange
bars indicate locations of three OBS sites and the results of S anisotropy at the sites in Tonegawa et al. (2013). b Definition of the regions for
areas A, B, and C from the abyssal plain to the trench. c A rose diagram created using the anisotropic parameters inside box 1 in Fig. 4a. The
degree of anisotropy was averaged at each azimuth range of 10°. Red arrows represent the fast polarization direction parallel to the trench
axis. Orange arrows indicate a N 30° E-trending fast axis. d Same as Fig. 4c but for box 2. Red arrows represent the fast polarization direction
parallel to the trench axis. Blue, pale blue, and orange arrows indicate other directions than that parallel to the trench axis (see text in details).
e A magnified inset map image in box 2 in Fig. 4a. A dashed line is the boundary between the northern and southern parts in box 2. Colored
arrows indicate OBS sites in which a relatively large degree of S anisotropy was observed
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media by incorporating a maximum of 21 elastic con-
stants. The model space (x–y–z) was 16 × 16 × 12 km3,
which includes two layers with a grid spacing of 0.05 km
(Fig. 5a). The physical parameters of the model are sum-
marized in Table 1. Because this simulation explores
only the characteristics of S reflections under various
conditions, the model parameters represent a simplified
two-layered submarine structure including the sediment
and crust but do not correspond to a realistic structure.
The location of the station was set at (x, y, z) = (8, 8, 0).
We simultaneously applied horizontal forces with a
Ricker wavelet at a center frequency of 0.71 Hz with a
maximum frequency of 1.02 Hz to 2337 locations, as
indicated by the red dots in Fig. 5b. To make a wave in-
cidence to the station with various azimuths and slow-
nesses, sources should be located along a hemisphere
beneath the station. These locations were randomly de-
termined from grids, of which the distances to the sta-
tion are between 7.95 and 8.05 km and at a vertically
downward angle at the station of less than 45°. This re-
sulted in a depth range of sources from 5.60 to 8.05 km
(Fig. 5c). Herein, the direction of the horizontal source
is the same as that of the horizontal component at the

station, and the forcing direction is rotated from 0° to
180° with an interval of θ = 10° (Fig. 5d). Therefore, we
conducted a total of 19 calculations for different direc-
tions of the source and horizontal component. In the
case of the distribution and forcing direction of sources
used in this study, the ACF calculated by using the
wavefields from 2337 simultaneously excited sources is
equivalent to a function stacking 2337 ACFs using the
wavefield from one source, which enabled us to reduce
the calculation times from 2337 × 19 to 1 × 19. Because
the minimum velocity is 1.0 km/s, the simulation could
be conducted under the condition of 20 grids per
minimum wavelength at the used maximum frequency
of 1.0 Hz, leading to sufficiently stable calculations
(e.g., Bohlen and Saenger 2006). We finally plotted ACFs
constructed by synthetic waveforms as a function of
polarization direction and evaluated the differential

Fig. 5 Model space and source geometry employed in the numerical simulation. a Model space of 16 × 16 × 12 km3 consisting of two layers for
numerical simulation. Station is located at (x, y, z) = (8, 8, 0). b Source distribution applying horizontal force at a depth of 5.60–8.05 km. c Sketch
of source location. Bold solid line and red dots show allowable source locations and distributed sources. d The direction of applied horizontal force
is rotated with an interval of θ = 10°

Table 1 Velocity model for numerical simulation

H (km) Vp (km/s) Vs (km/s) Vp/Vs ρ (g/cm3)

Layer 1 2.00 2.00 1.00 2.00 2.60

Layer 2 10.0 6.00 3.47 1.73 2.60
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travel times of S reflections for the aforementioned
three cases.
Prior to examining the aforementioned source distri-

bution, we first confirmed the travel time of S reflections

from one source located at (x, y, z) = (8, 8, 8) in the
model space containing two isotropic layers with a hori-
zontal interface at a depth of 2 km (Fig. 6a). This velocity
model is also examined in the following case (case 1). As a

Fig. 6 Results of the numerical simulation for isotropic media. a Sketch for model space with two isotropic layers with a flat interface at a depth of
2 km. b Auto-correlation functions (ACFs) as a function of polarization direction, calculated with the model in Fig. 6a. c Model for the two-dimensional
(2D) experiment for calculating differential travel time between direct S and reflected S waves. Red dots indicate locations of sources. The triangle shows
the location of the station. Gray shaded area corresponds to low-velocity sediment. The parameters on the velocity model are the same as those in
Fig. 6a and Table 1. d Red dots represent differential travel times between direct S and reflected S waves for each source (Fig. 7a). The black solid line
corresponds to the travel time of two-way S reflection with zero offset for the one-shot case. The gray shaded area indicates the approximate region
for constructive interference when stacking reflected S waves. e ACFs as a function of angle from vertically downward. Each ACF was calculated by the
wavefield for each source shown in Fig. 6c. f Same as Fig. 6e but the range of lag time for 3–5 s and the amplitude is described by colors. Red dots are
the same as those in Fig. 6d but for 0°≦ϕ≦ 45° (x≧ 8 km)
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result, we obtained a lag time of 3.982 s (0.001 s) for the
vertically propagating S reflection with zero offset.
Case 1: Fig. 6b shows the calculated ACFs as a func-

tion of polarization direction with the model shown in
Fig. 6a. The S reflection is emerged in the ACFs at a lag
time of 3.950 s irrespective of the polarization direction
and arrived faster than that of the one-source case. Al-
though we further examined five calculations by randomly
changing the source distribution, which satisfies the afore-
mentioned location condition, all results on the lag times
of S reflection were 3.950 s (0.001 s), implying that we can
obtain stable results on the two-way travel time. In the
velocity model with low and high velocities for the top
and bottom layers, respectively, the travel time of S re-
flections constructed from interferometry would depend
mainly on the following three conditions: differential travel
times between direct S and reflected S waves, amplitude of
reflected S waves, and wave duration. Hereafter, we distin-
guish the term “S reflection,” which means the primary S
wave reflection between the seafloor and basement con-
structed by the interferometry (Fig. 6a), with the term
“reflected S wave,” as coming from one source (Fig. 6c).
According to the idea of a stationary point (Snieder 2004),
at which the gradient of the travel time curve of a phase
with respect to the wave incidence angle is 0, a vertically
propagating S reflection from interferometry is constructed
by the enhancement of effects of reflected S waves coming
with small angles from vertically downward by constructive
interference and reduction of those with other incident an-
gles by destructive interference. These interferences pro-
duce a vertically downgoing S wave from the surface and
its upgoing reflection from the horizontal interface.
The range of the wave incidence angle to the construct-

ive and destructive interferences was determined by the
aforementioned three conditions. For instance, Fig. 6c
shows a 2D case for evenly distributed sources within a
two-layered structure. The physical parameters of the
velocity model are the same as those in Fig. 6a and
Table 1. The sources are located within an angle range
of −45° ≦ ϕ ≦ 45° and within a distance from the station
of 8 km (Fig. 6c). The measurement of differential travel
times between direct S and reflected S waves is displayed
in Fig. 6d. The gradient of the differential travel time curve
with respect to wave incidence angle is small around the
stationary point. This implies that vertically propagating S
reverberations can be easily dominated at the top layer
with a low velocity by various incident waves because
upgoing waves with various slownesses at the bottom layer
produce waves with near vertical incidence within the top
layer. It is considered that such waves and their reflec-
tions, i.e., reverberations, are dominant within marine sed-
iments. However, at the same time, this indicates that
stacking reflected S waves around the stationary point
produce a slightly faster vertically propagating S reflection

than the theoretical travel time. The following two cases
would construct an S reflection with a travel time closer
to the theoretical time: (1) the case of smaller velocity
contrast at the top of the basement, which results in a lar-
ger gradient of differential travel time curves; and (2) the
case of lower velocity in the top layer, which results in a
smaller gradient of differential travel time. For the seafloor
observation, the latter case would be realistic. This 2D ex-
periment considered only the effect of differential travel
time to waveform stacking. However, the amplitude of the
reflected S wave, or reflection coefficient, and its wave
duration, or frequency component, would also contribute
to the travel time of the S reflection. Figure 6e, f shows in-
dividual ACFs for each source (0° ≦ ϕ ≦ 45°) shown in
Fig. 6c. We applied a horizontal force at each source with
a maximum frequency of 1.02 Hz, which is the same as
that in the 3D case. As shown in Fig. 6f, the S reflection
peak around a lag time of 4 s is slightly broad. When we
stack these ACFs, the obtained travel time of S reflections
would be deviated from the theoretical travel time. If we
calculate the wavefield at higher frequency components,
the S reflection peaks emerging in each ACF will be
sharper, resulting in a more accurate travel time of S
reflection in the stacked ACF.
In the case of the dipping interface (5°) within isotropic

media (Fig. 7a), the two-way travel time of the S reflection
became 3.940–3.969 s (0.001 s) with a travel time fluc-
tuation of 0.029 s (Fig. 7b, d). This fluctuation is caused
by the amplitude of the reflected S wave and its wave
duration. If we consider only differential travel time to
waveform stacking, an S reflection from a dipping inter-
face should also be extracted in the ACFs at a lag time
corresponding to the distance between the station and
a point at which a perpendicular line from the station
intersects to the dipping interface (d′ in Fig. 7c). In
addition, its travel time has no fluctuations and becomes
smaller than that in the case of the horizontal interface be-
cause of d > d′ in Fig. 7c. However, because such a dipping
interface produces reflected S waves with various ampli-
tudes (reflection coefficients depending on the incident
angle to the dipping interface) as a function of propaga-
tion direction for an incident angle, these waves unevenly
contribute to construct an S reflection around the station-
ary point, resulting in a slightly distorted waveform of the
reflection. This is attributable to the travel time fluctu-
ation in case of the dipping interface.
An important issue in the case of the dipping interface

is whether this fluctuation affects S anisotropy measure-
ment. We determined that such an effect was quite
small in the seafloor observation and that the differential
travel times of S reflections are caused only by S anisot-
ropy because of the following reason. S waves coming
from the bottom layer tend to propagate near normal to
the dipping interface with decreasing Vs in the top layer.
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As a result, the reflection points of the S waves at the
dipping interface are located around the stationary point,
which produces reflected S waves with similar two-way
travel time and their amplitudes. Stacking these waves
constructs S reflections with significantly smaller travel
time fluctuations with respect to the dipping interface.
Indeed, we confirmed it by additional calculations. The
velocity model was the same as the one in Fig. 7a but
with a grid spacing of 0.04 km and a Vs of 0.9 km/s at
the top layer, which ensured good calculation accuracy
with 22 grids per minimum wavelength. As a result, the
two-way travel time of the S reflection was 4.378–4.
391 s (0.001 s) with a fluctuation of 0.013 s, which is
much smaller than that in the case of Vs = 1.0 km/s at
the top layer. Furthermore, another calculation for a grid
spacing of 0.025 km and Vs of 0.5 km/s at the top layer
with 20 grids per minimum wavelength resulted in
7.886–7.891 s (0.001 s) of two-way travel time of S re-
flection with a fluctuation of 0.005 s. Because the Vs of
marine sediment is significantly slower (e.g., 0.2 km/s
in Tonegawa et al. 2013), the dipping effect to the S an-
isotropy measurement would be plausibly negligible.

Case 2: We set anisotropies of dVp = 0 % and dVs = −4 %,
which are respectively equivalent to B = 0 % and E = −4 %
introduced by Park and Yu (1992) to the top layer of the
model space with hexagonal symmetry (Fig. 8a). The sym-
metry axis was taken to be the x-direction, thereby produ-
cing a top layer with horizontal transverse isotropy (HTI)
with a fast axis of the y-direction (Table 2); angles of η and
ξ in Table 2 are measured from the x-axis and vertically
downward, respectively (Fig. 8a). The degree of anisotropy
in hexagonal symmetry can be converted to elastic con-
stants (Park and Yu 1992; Nagaya et al. 2008). We assigned
the same source distribution as that shown in Fig. 5b. The
calculated ACFs show S reflections at a lag time of 3.880–
4.035 s, which indicates that the travel times of the waves
vary with the polarization direction of the S wave (Fig. 8b).
The differential travel time between fast and slow axes is
0.155 s, which corresponds to a Vs anisotropy of 3.912 %
(dividing it by the averaged travel time of 3.963 s of S
reflection).
Case 3: The differential travel time of an S reflection

polarized in various directions could be affected by in-
homogeneous source distribution. Herein, we preserved
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the sources at locations of x ≧ 8 km and y ≧ 8 km among
those shown in Fig. 5b and discarded the other sources,
which indicates that S waves excited at these locations
are coming from a back-azimuth range of 0–90° (Fig. 8c).
The synthetic ACF calculated in the model in Fig. 8a
shows S reflections at a lag time of 3.875–4.035 s. A dif-
ferential travel time of 0.160 s can be converted to an
anisotropy of 4.040 %. Herein, although the obtained
differential travel time was consistent with the case for
evenly distributed sources, the behavior of the travel
time fluctuation from unevenly distributed sources is
slightly different relative to the case. The case of evenly
distributed sources precisely represents the sinusoidal
travel time curve of S reflection, whereas that of unevenly
distributed sources shows a distorted travel time curve
from the sinusoidal variation (Fig. 8d), which may provide
inaccurate directions of fast and slow axes and a slight
degree of anisotropy. Obtaining accurate fast and slow
polarization directions depends strongly on whether ambi-
ent noise sufficiently contains either S waves with various

slownesses for all azimuths or near-vertically propagating
S waves. In marine sediments, it appears that the latter
condition is satisfied as subsequently discussed.
Summarizing the reflection extractions within a two-

layered structure with isotropic media, the travel time of
S reflection from a horizontal interface could be slightly
faster than the theoretical time, and the one from a dip-
ping interface is also faster and has a travel time fluctu-
ation. However, in the case of seafloor observation, due
to low Vs within marine sediments, it is expected that
the travel time of constructed S reflection tends to be
the accurate time and that the travel time fluctuation of
the S reflection due to the dipping interface tends to be
small with respect to that of S anisotropy. Moreover, the
differential travel time of the S reflection constructed
from both evenly and unevenly distributed sources pre-
cisely shows S anisotropy within the top layer.

S reflection from oceanic Moho
The reason as to why S reflections from the oceanic crust
and mantle cannot be extracted from observed seismograms
by the technique used in this study poses an interesting
question. To investigate the reflection retrieval from in-
terfaces below sediments, an effective method involves
the investigation of the characteristics of the synthetic
waveform/ACF calculated with a more realistic velocity
model rather than the previous simulations.
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Table 2 Model parameters for anisotropy

dVp (%) dVs (%) η (°) ξ (°)

Case 1 0 0 0 90

Case 2 0 −4 0 90

Case 3 0 −4 0 90
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We carried out another 3D finite difference method by
using standard staggered grids with calculation accuracies
of second order in time and fourth order in space (Graves
1996). However, the top boundary of the solid part of
the model space, i.e., solid/air boundary, has a calculation
accuracy of second order in space to take into account the
free surface effect (e.g., Okamoto and Takenaka 2005;
Nakamura et al. 2012; Takemura and Yoshimoto 2014;
Takemura et al. 2015). This calculation was conducted
under the condition of using higher maximum frequency
and lower minimum velocity than those used in the
previous simulations. Involving such parameters with fi-
nite difference calculations generally requires a large-scale

computation with finer grids to obtain stable solutions
(e.g., Levander 1988). The used velocity model was based
on that of a previous study (Shinohara et al. 2008). We
added a sediment layer with a Vp of 1.6 km/s, a Vs of
0.2 km/s, and a thickness of 0.4 km (e.g., Kanazawa et al.
2001; Shinohara et al. 2008) above the velocity model
(Fig. 8a). By using an empirical relation between the Vp
and the density (Brocher 2005), we created a sediment-to-
mantle density profile (Fig. 9a). The calculation was per-
formed in the velocity–stress scheme for isotropic media
with a time step of 0.0002 s. The model space (x–y–z) was
12.288 × 12.288 × 15 km with a grid spacing of 0.008 km.
The quality factors for P and S wave attenuation were set
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to be Qs = 300 and Qp = 2Qs, based on the method of
Robertsson et al. (1994), within the entire model space. We
adopted a single relaxation mechanism with a reference
frequency of f0 = 2 Hz, which provides peak Q−1 values at
this frequency. To perform this large-scale simulation ef-
fectively, we employed a parallel 3D simulation code based
on a domain-partitioning procedure that utilizes a large
number of processors with a message-passing interface
(based on the work of Furumura and Chen 2004).
The station was located at the center on the free sur-

face: (x, y, z) = (6.144, 6.144, 0.008). We simultaneously
applied horizontal forces with a Ricker wavelet at a max-
imum frequency of 3.125 Hz to 821 locations. Source lo-
cations were randomly determined from grids whose
distance to the station was between 7.95 and 8.05 km
and angled from vertically downward at the station of
less than 30°, resulting in a depth range of sources of
6.87–8.05 km. Herein, the direction of applied horizontal
force and the observed horizontal component at the sta-
tion are only one direction (the y-direction).
The simulation was conducted by using the Earth

Simulator (ES2) supercomputer at the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC). A
computer memory of 769 GB and a wall clock time of
2.1 h by parallel computing using 50 nodes (400 processors)
of the supercomputer were required to evaluate seismic
wave propagation of 18 s by 90,000 time-step calculations.
Figure 9b, c displays the calculated waveform and its

ACF, respectively. The synthetic waveform shows a direct
S wave and three multiple reflections, which were con-
structed from the summation of 821 signals with one cal-
culation (Fig. 9b). The ACF shows the first and second S
reflections with respective negative and positive polarities
near the red lines that correspond to the theoretical zero-
offset, two-way travel times of the reflections (Fig. 9c).
The blue line indicates the theoretical arrival times of S re-
flections from the oceanic Moho. However, such a phase
could not be recognized in the synthetic ACF. Further-
more, we calculated ACF by changing to Qs = 110 only at
the marine sediment by referring to the result from Nolet
and Dorman (1996). As a result, although the amplitude
of the S reflection from the top of the basement became
smaller than that for Qs = 300, the S reflection from the
oceanic Moho also could not be found in the ACF.
It appears that the reason for an absence of Moho re-

flections in the ACF is caused by a relatively weak im-
pedance contrast at the Moho compared with the top of
the basement. However, in addition to that, we consider
that the absence is also caused by the difference of the
wavefield feature between the sediment and crust. For
instance, given a horizontally propagating S wave in the
mantle, i.e., an Sn wave, the incident angle to the marine
sediment becomes 2.61° with the velocity model shown
in Fig. 9a (Fig. 9d). This means that upgoing S waves

with various slownesses in the mantle become near-
vertically propagating S waves within the sediment layer.
Because the seafloor plays the role of the free surface for
near-vertically propagating SV and SH waves, when the
wavelength of S wave is shorter than the thickness of the
sediment layer, these waves are effectively trapped be-
tween the seafloor and the top of the basement that has
a large impedance contrast. This would produce near-
vertically propagating S waves within the sediment. How-
ever, in the case of oceanic crust, the various slownesses
of S waves are presumably present within the layer due to
relatively faster Vs than in sediment, indicating that the re-
trieval of vertically propagating S wave is not effective by
the correlation technique with a 1-day continuous record
compared with the case in the sediment. This means that
it may be possible to extract S reflections from the oceanic
Moho with more ambient noise record data, but whether
the retrieval works well would also depend strongly on the
impedance contrast at the boundary. In the case in which
the amplitude of the reflected S wave is weak, it would be
obscured by reverberations in the sediment layer.

Interpretation of sediment S anisotropy
As suggested by Tonegawa et al. (2013) based on anisotropic
estimations in the northwestern Pacific region, S anisotropy
within marine sediments in the outer rise region would be
caused by aligned cracks and normal faulting formed by the
bending of the Pacific Plate (Fig. 10a). The observed aniso-
tropic structure within marine sediments has been explained
by the presence of aligned cracks (e.g., Haacke and
Westbrook 2006; Haacke et al. 2009). In the outer rise re-
gion, because the plate is bending along the Japan and Kuril
trenches, the tensional stresses are induced within the
uppermost of the Pacific Plate nearly in the trench–normal
direction. As a result, cracks and normal faulting form due
to stresses within the marine sediment, and these fractures
are aligned in the trench–parallel direction (Fig. 10c), caus-
ing S anisotropy that has a trench–parallel fast axis. Such
tensional stresses are also supported by earthquake mecha-
nisms at shallower depths than 60 km (Fukuyama et al.
1998; Okada et al. 2004), which are mostly normal faulting
with trench parallel strikes, around the outer rise region
(Fig. 4a). The stress-induced anisotropy includes fractures
within marine sediments due to the basement deformation
associated with tensional stress, e.g., normal faulting within
the basement or deeper (Fig. 10b). As discussed in the
subsequent paragraphs, the expected trench–parallel fast
axes were clearly observed along the Kuril Trench and along
the northern part of the Japan Trench.
The fast polarization direction in box 1 in Fig. 4a, c

shows the trench–parallel direction (red triangles in
Fig. 4a, c), which reflects stress-induced cracks and frac-
tures due to the basement deformation. In particular, the
trench axis at this region coincides with the magnetic
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lineation direction (Nakanishi et al. 1989; Nakanishi 2011).
The pre-existing fractures within the basement, which
were formed at the creation of the Pacific Plate, grad-
ually slide with the bending of the plate at the subduc-
tion zone, and the resulting displacement at the top of
the basement produces the deformation of both sediments
and the seafloor bathymetry above the basement. Because
the region in this study has shifted southeasterly relative
to the region where topographic features at the seafloor
can often be observed, our study indicates that the devel-
opment of these fractures begins landwards from the top
of the outer rise region.
Compared with results in box 1, the patterns of the

fast axis in box 2 appear to be scattered (Fig. 4d, e). Be-
cause the bathymetry and magnetic lineation in the
oceanic crust have been investigated in detail (Nakanishi
et al. 1989; Nakanishi 2011), we divided box 2 into the
northern and southern parts (Fig. 4e) and interpreted
the direction of the fast axis with a relatively large de-
gree of anisotropy in box 2 with such information. In
the northern part of box 2, the fast direction indicated
by the red triangles in Fig. 4d, e corresponds to the
trench axis at the west of the OBS sites, which is consist-
ent with that in box 1. This reflects the trench–axis
change from the Kuril Trench to Japan Trench. However,
the fast axis oriented to the magnetic lineation could not

be observed around this region, indicating fewer reacti-
vations of the pre-existing fractures and high creations
of newly formed fractures within the basement due to
the bending of the plate.
In the southern part in box 2, we found that the fast

axes at two OBS sites were oriented to N 30° E (denoted
by the pale-blue triangles in Fig. 4e). It appears that this
direction does not correspond to the direction of the
trench axis at the west of the OBS sites. However, we
consider that this direction reflects the trench axis south
of 38° N (Fig. 4a). Nakanishi (2011) reported that land-
ward- and oceanward-dipping escarpments with an orien-
tation parallel to the trench axis south of 38° N have
developed even at north of 38° N. Because the region of
the OBS sites has shifted easterly relative to the region
where such topographical features can often be observed,
it appears that the fast axes observed at the two OBS sites
corresponds to both stress-induced cracks and fractures
due to small amounts of basement deformation develop-
ing landwards from the top of the outer rise region. This
result may also indicate that the direction of the tensional
stress is rotated clockwise in the southern part of box 2,
according to the direction change of the trench axis
occurring around 38° N.
The direction of the fast axis at an additional two OBS

sites is N 45° E (denoted by the blue triangles in Fig. 4e).
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Below the OBS sites, a NE–SW-trending lineation of the
bathymetry can be recognized (Nakanishi 2011), and the
direction almost coincides with the magnetic lineation
pattern (Nakanishi et al. 1989; Nakanishi 2011). Such top-
ography presumably reflects sediment deformation associ-
ated with fracture reactivations within the Pacific Plate
formed at its creation, indicating that observed S anisot-
ropy within the sediment is possibly caused by the base-
ment deformation along the magnetic lineation.
In summary of our observations, the direction of the

fast axis around the Kuril Trench can be explained by
the fractures associated with tensional stress, including
stress-induced cracks (and normal faulting) and fractures
associated with basement deformation. The anisotropic
structure within marine sediments in the northern part of
the Japan Trench is also formed by similar mechanisms to
those in box 1. In the southern part, although we found
two OBS sites that show the fast axis corresponding to the
magnetic lineation, the pattern of the fast axis can be pre-
sumably explained by the anisotropic structure associated
with the tensional stress of the plate bending. In addition,
we found fast polarization directions shown by the orange
triangles in Fig. 4, which cannot be simply explained by
mechanisms associated with the tensional stress. It would
be necessary that further possible mechanisms for creating
S anisotropy are explored through, e.g., MCS surveys and
the bathymetry, in greater details.

Conclusions
We presented ACFs from ambient noise records observed
by short-period OBSs that were deployed in the north-
western Pacific region. The ACFs clearly showed S reflec-
tion from the top of the basement at 201 OBS sites. The
degree of S anisotropy was 1–2 % around the top part of
the outer rise region, and the fast polarization axis was
taken to be in the trench–parallel direction there. Based
on our observations in the northwestern Pacific, we de-
rived the conclusion that S anisotropy within marine
sediments is produced by aligned fractures due to the
tensional stresses that are associated with the bending
of the Pacific Plate. The successful extractions of geograph-
ical patterns of S anisotropy indicate that our technique
used in this study is capable of retrieving alignments of
fractures and fabric within marine sediments through an-
isotropic information. We also extensively carried out
numerical simulations with simple velocity models, tak-
ing into account anisotropy. Most importantly, these re-
vealed that ambient noise should contain incident waves
coming from either near-below or at various azimuths and
slownesses to the station for the retrieval of S reflections
containing accurate anisotropic information. It is pre-
dicted that the condition in which near-vertically propa-
gating S waves are dominant is satisfied with low Vs of
marine sediments. However, another numerical simulation

with a realistic velocity model also elucidated that this
condition possibly hinders other reflections from inter-
faces below the basement.
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