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P-wave velocity structure in the northern part of the central Japan Basin,
Japan Sea with ocean bottom seismometers and airguns
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In 1996, an airgun-ocean bottom seismometer survey was carried out in the northern part of the central Japan
Basin. The crustal thickness in the central part is about 9 km, including a sedimentary layer with thickness of 1.5
km, and increases eastward. The obtained crustal structure is slightly different from those of typical ocean basins.
The thickness and velocity of less than 6.5 km/s in the upper part of the crust do not correspond to that of a typical
oceanic crust and the clear linear geomagnetic anomaly around this survey line has been unconfirmed. Although,
this crust could be interpreted to be either anomalous thick oceanic crust formed at spreading centers influenced
by a mantle plume or thinned continental crust at ocean-continental boundaries in passive margins, we prefer the
latter as a conclusion, that is, it may be formed by thinning of a continental crust rather than by the melt of mantle
plumes during the opening of the Japan Sea. In addition, the difference of the crustal structures in the study area
and the northeastern Japan Basin where the crust is typical oceanic, indicates that the process of crustal formation
may differ in the northern part of the central Japan Basin from in the northeastern Japan Basin.
Key words: P-wave velocity structure, Japan Basin, Japan Sea, ocean bottom seismometer.

1. Introduction
Japan Sea, which is a back-arc basin in the northwestern

Pacific, is located between Asian continent and Japanese is-
lands. It comprises the Japan Basin in the north and north-
west, the Yamato Basin in the southeast, and the Tsushima
Basin in the southwest. At the junction of these basins, the
Yamato Rise is located and forms a topographic high (Fig. 1).
To understand the formation of the Japan Sea, many geo-

physical and geological surveys have been conducted in the
Sea. From ocean bottom seismometers (OBSs) investiga-
tions, different types of crust have been found in the Japan
Sea. The northeastern Japan Basin shows an oceanic crustal
velocity structure with a total thickness of about 8.5 km in-
cluding a 2-km-thick sedimentary layer (Hirata et al., 1992).
The crust of the Yamato Basin, which is about 14–16 km
thick including a 1-km-thick sedimentary layer, is two times
thicker than that of a typical oceanic crust (e.g., Hirata et al.,
1989; Nishizawa and Asada, 1999; Nishisaka et al., 2001),
thus the northern Yamato Bain could be formed by extension
of the island arc crust (Nishizawa and Asada, 1999), how-
ever, the southern Yamato Basin was interpreted the crust
affected by volcanism during the late stage of spreading (Hi-
rata et al., 1989). The crustal thickness of the Tsushima
Basin is similar to that of the Yamato Basin (Kurashimo et
al., 1996; Kim et al., 1998). The Kita-Oki Bank, which is
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a southern extension of the Yamato Rise, has a thick 6-km/s
layer, suggesting the Bank to be also a stretched continental
crust fragment (Kurashimo et al., 1996). The Kita-Yamato
Trough has a crustal thickness of about 12 km including a
1.5-km-thick sedimentary layer, but does not have a high ve-
locity layer (V p > 7.1 km/s) in the lower part of the lower
crust, suggesting the Trough to be a rifted/stretched conti-
nental crust (Sato et al., 2001). In the Yamato Rise area,
OBS survey has not been conducted, however, previous stud-
ies show that the shallow part of the crust is of the continental
type (Murauchi, 1972; Ludwig et al., 1975) and the depth of
Moho is suggested to be about 22.5 km from gravity model-
ing (Yoshii, 1972).
The Japan Sea is now one of the most well studied back-

arc basins in the world in terms of crustal structure. However,
to reconstruct and understand the opening process of the
Japan Sea that possesses different types of crustal structures,
it is necessary to clarify more detailed crustal structure where
information of seismic velocity structure is still missing. In
particular, the central Japan Basin is inferred to correspond
to the tip of a rift propagation, an opening process of the
Japan Sea proposed by Tamaki et al. (1992). However, no
modern seismic experiment has been conducted in this area.
The purpose of this study is to present the crustal structure
of the northern part of the central Japan Basin, and to discuss
its formation process.
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Fig. 1. Map showing the location of seismic experiment in the northern part of the central Japan Basin. Solid Line shows the seismic refraction/reflection
survey line. Positions of deployed ocean bottom seismometers (OBSs) are denoted by solid circles and numerals indicate station number. Bathymetric
contour interval is 200 m. Inset shows topographic map of the Japan Sea showing JB (Japan Basin), YB (Yamato Basin), TB (Tsushima Basin) and YR
(Yamato Rise). Bathymetric contour interval is 1000 m.

2. Experiment
In July 1996, a seismic refraction and reflection survey

was conducted in the northern part of the central Japan Basin
off Vladivostok, Russia. This survey was a joint expedition
of the Chiba University and Pacific Oceanological Institute,
Far Eastern Branch of Russian Academy of Science (POI).
Three OBSs were deployed with 30 km interval along a
103-km-long profile in an east-west direction (Fig. 1). The
OBS used in this experiment was designed by Shinohara
et al. (1993). Two 20-liter airguns towed from the R/V
Professor Gagarinsky, POI were fired as controlled seismic
sources along the line. The shot interval was 120 s, which
corresponds to approximately 300 m in horizontal distance,
to enable a very high lateral resolution of the crustal velocity
structure. The reflection data was recorded by a single-
channel hydrophone streamer towed from the R/V Professor
Gagarinsky. The ship positions during the OBS deployment,
recovery and airgun shooting were determined by the Global
Positioning System (GPS).

3. Data and Analysis
The OBSs recorded high quality seismic signals (high

signal-to-noise ratio) along the entire profile (Figs. 2(a)–
4(a)). The record section of OBS1 has first phases with an
apparent velocity of about 8 km/s, which are interpreted to
refract from the uppermost mantle, at offset distance beyond
40 km to the east of the OBS (Fig. 2(a)). On OBS2 record
section, first arrivals with a velocity of about 8 km/s appear at
offset distance beyond 40 km to the west of the OBS but was
not observed in the east side (Fig. 3(a)). On OBS3 record
section, the phases, which has an apparent velocity of about
8 km/s, appear at offset distance beyond 45 km to the west of

the OBS (Fig. 4(a)). These suggest that the crustal thickness
increases eastward.
To obtain the shallow structure of the sedimentary layer

and make the initial model for 2-D modeling, we used the
reflection seismic data (Fig. 5) and applied direct τ -p map-
ping and τ -sum inversion to refraction data to derive one-
dimensional models (Diebold and Stoffa, 1981; Shinohara
et al., 1994). There is an excellent correlation the bound-
aries between the result for this analysis and the reflection
seismic data at least down to the acoustic basement layer
except the west side of OBS3 (Fig. 5). The geometry and
P-wave velocities of the sedimentary layer are initially con-
strained by the results of this analysis. An initial model using
the results of these one-dimensional models is constructed.
Then, the ray tracing method was employed to calculate the
travel times in the two-dimensionally varying velocity model
(Červený et al., 1977; Hirata and Shinjo, 1986). Velocity
boundaries in the upper part of the crust were set when the
peak or change of the trajectory existed in the τ -p domain
of the OBS record and the triplications on the OBS records
existed (Fig. 6(a)). When no triplication existed and the ap-
parent velocity of the refracted wave changed gradually, the
changes were explained using a velocity gradient in the lower
part of the crust. For the travel time fitting, we regard a
model as a satisfactory one when differences between com-
puted and observed travel times were less than maximum 0.1
s and computed and observed amplitudes were generally ex-
plained reasonably well (Figs. 2–4).

4. Results
In Fig. 7, we present the P-wave velocity model obtained

by the experiment. Our model indicates that the sedimen-
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Fig. 2. Observed and synthetic seismograms for OBS1. (a): Record section for vertical component, high gain channel. Digital band-pass filtering is
5.0–15.0 Hz. Each trace is normalized by its maximum amplitude. (b): Synthetic seismograms estimated from the P-wave velocity model using the
ray theory. (c): Calculated travel times for the model using the 2-D ray tracing method superimposed on (a). Solid circles indicate travel time of water
waves. Solid triangles, open squares, solid inverted triangles, open triangles, open stars, open diamonds, open squares and open inverted triangles denote
travel times of reflection and refraction waves through the first, second, third, fourth, fifth, sixth, seventh and eighth layer from the sea floor, respectively.
(d): Ray path diagrams for OBS1. The vertical axes of (a), (b) and (c) are travel time reduced by 8 km/s. The vertical axis of (d) is the depth from the
sea level. The horizontal axes are the offset distance in km between the OBS and shots.

tary layer consists of two units; the upper unit has a P-wave
velocity of 1.7 km/s, and P-wave velocity of the lower unit
is 2.2–2.7 km/s. Total thickness of the sedimentary layer is
about 1.5 km beneath OBS1 and OBS2, and about 0.7 km
beneath OBS3. Beneath the sedimentary layer, the upper
part of the crust has three layers, which are 3.8–4.3, 4.7–
5.1 and 5.9–6.2 km/s, respectively. Theoretical travel times

from these layers in the velocity model are well explained
to triplications and the observed seismograms (Fig. 6(b)).
Total thickness of this part is about 2.5 km beneath OBS1
and 2, and 2.9 km beneath OBS3. Underneath that part, the
lower part of the crust, which has P-wave velocity of 6.8–
6.9 km/s, is 4.0–4.5 km thick below OBS1 and OBS2, and
5.6 km thick below OBS3. A transition zone with thickness



504 T. SATO et al.: P-WAVE VELOCITY STRUCTURE OF THE CENTRAL JAPAN BASIN

Fig. 3. Observed and synthetic seismograms for OBS2. See Fig. 2 for detailed explanation.

of about 0.6 km and P-wave velocity of approximately 7.5
km/s is needed at the bottom of the crust to explain the rel-
ative amplitudes of first and later arrivals beyond the offset
distances of 25–35 km (Fig. 8). And, the synthetic ampli-
tudes from velocity model with this zone rather than those
without this zone are well explained to the observed seis-
mograms (Fig. 8). Uppermost mantle velocities are 8.1 km/s
beneath OBS1, 8.0 km/s beneath OBS2 and 7.9 km/s beneath
OBS3, respectively. The total thickness of the crust, includ-
ing the sedimentary layer, is about 9 km beneath OBS1 and
OBS2, and about 10 km beneath OBS3.

5. Discussion
This study suggests that the northern part of the central

Japan Basin has a minimum 9-km thick crust, including a
1.5-km thick sedimentary layer. Figure 9 shows a compar-
ison of the crustal velocity model of this study with those
of 3 to 15 Ma old oceanic crust in the Pacific Ocean (White
et al., 1992). The thickness of the upper part of crust (3.8–
4.3, 4.7–5.1 and 5.9–6.2 km/s) in this study is slightly thicker
than that of oceanic layer 2 (White et al., 1992). The P-wave
velocities of the upper part of crust, on the other hand, are
slightly slower than that of a typical oceanic layer 2 (White
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Fig. 4. Observed and synthetic seismograms for OBS3. See Fig. 2 for detailed explanation.

et al., 1992). However, the thickness and P-wave velocity
of the lower part of crust (6.8–6.9 km/s) is similar to that of
a typical oceanic layer 3 (White et al., 1992) except beneath
OBS3. The total crustal thickness is slightly thicker than that
of a typical oceanic crust (White et al., 1992). As the result
of the geomagnetic survey around this survey line, the linear
geomagnetic anomaly, which is observed in oceanic basins
formed by typical ocean floor spreading, is not confirmed
(e.g., Isezaki, 1975; Nakasa and Kinoshita, 1994; Isezaki and
Shevaldin, 1996). Therefore, these indicate that the crustal
structure of the study area is not a typical oceanic crust and

that the process of the formation of the study area differs
from simple spreading at the oceanic ridges, even if the crust
in the study area was created during the opening of the Japan
Basin.
Anomalous thick crusts that are 9–12 km thick were found

in spreading centers influenced by mantle plumes (White et
al., 1992). In a case that a spreading center exists in a re-
gion of anomalously hot asthenospheric mantle near plumes,
the crust is thicker than normal (White et al., 1992). Also,
slightly thicker crust than that of a typical oceanic crust was
found in the transition zone between the continental crust and
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Fig. 5. (upper): The single channel seismic reflection (SCS) profile along the survey line. The vertical and horizontal axes are the two-way time from
the sea surface and the distance from the western end of the survey line, respectively. (lower): The one-dimensional P-wave velocity structures just
below each OBS. The vertical axes are the two-way time from the sea surface. The horizontal axes are P-wave velocities. The velocity structures
were derived by τ -p mapping and τ -sum inversion to refraction data. Two velocity structures are the west and east side of each OBS, because P-wave
velocity structures are obtained for the profile on either side of each OBS.

Fig. 6. OBS2 record and theoretical travel times calculated from the model using the 2-D ray tracing. (a): Record section of the east side of OBS2 for
offsets from 6.9 to 25.0 km. The OBS data is recorded on the vertical component. Digital band-pass filtering is 5.0–15.0 Hz. Each trace is applied a
band-pass filter (5.0–15.0 Hz) and amplitude scaling of the square of the root of offsets. (b): Calculated travel time for the model using the 2-D ray
tracing method superimposed on (a). Thick light gray, solid and thick dark gray lines indicate travel times of refraction and reflection waves through
first (3.8–4.3 km/s layer: Puc1), second (4.7–5.1 km/s layer: Puc2) and third (5.9–6.2 km/s layer: Puc3) layers in the upper part of the crust, respectively.
Thin light gray and the gray dotted lines indicate travel times of refraction and reflection waves through the sedimentary layer (Psed ) and lower part of
the crust (Plc), respectively. The horizontal and vertical axes of (a) and (b) are the distance from OBS2 and travel time reduced by 6 km/s.
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Fig. 7. P-wave velocity structure model in the northern part of the central Japan Basin estimated by the 2-D ray tracing method. The vertical axis is
the depth from the sea surface. The horizontal axis is the distance from the western end of the survey line. Numerals are P-wave velocities in km/s.
Inverted solid triangles indicate positions of the OBS. Solid lines denote the velocity boundaries with high reliability due to adequate ray coverage. The
velocity interfaces in sedimentary layers are determined from the seismic reflection profile. Broken lines indicate the velocity boundaries estimated with
inadequate ray coverage.

the oceanic crust as seen in passive margins (e.g., Whitmarsh
et al., 1990). The continental crust may have been thinned
to less than 1/5 of its original thickness at non-volcanic mar-
gins, which means that the thickness of a thinned continental
crust is comparable to that of the oceanic crust. The crustal
thickness obtained from this study is similar both to that of
the oceanic crust affected plumes and that of thinned con-
tinental crust. The crustal type proposed by Tamaki et al.
(1992) suggests that the crustal type around this study area
corresponds to the transition from the oceanic crust to the
extended continental crust, though they didn’t clearly define
(Fig. 10).
In the case that the crustal type is the oceanic crust af-

fected plumes such as around the Hatton Bank in the north
Atlantic margin, the linear geomagnetic anomaly can be seen
(e.g., Talwani and Eldholm, 1977) and the thick high veloc-
ity layer, namely with P-wave velocity greater than 7.0 km/s
may be thicker than about 5 km, in the lower part of crust
(e.g., Fowler et al., 1989). However, around this survey line,
the clear linear geomagnetic anomaly has not been confirmed
(e.g., Isezaki, 1975; Nakasa and Kinoshita, 1994; Isezaki
and Shevaldin, 1996) moreover this high velocity layer does
not exist in this result. This suggests that this crust in the
study area may be the thinned continental crust rather than
the oceanic crust affected by plumes.
In the northeastern Japan Basin, the velocity structure of

the crust is consistent with those of typical oceanic crusts
(Hirata et al., 1992) and linear magnetic anomalies are

clearly observed in the area (e.g;, Isezaki and Uyeda, 1973;
Isezaki, 1986; Seama and Isezaki, 1990). Therefore, the
crust of the northeastern Japan Basin is interpreted to have
been formed by sea floor spreading process. The crustal
structure in the northern part of the central Japan Basin can
be compared to that in the northeastern Japan Basin (Hirata
et al., 1992) (Fig. 11). The upper part of the crust (V p < 6.5
km/s) is thicker in the central Japan Basin than that in the
northeastern Japan. On the other hand, thickness of the lower
part of the crust (V p > 6.5 km/s) of the central area is similar
to that of the northeastern area. The crustal thickness exclud-
ing the sedimentary layer of the northern part of the central
area is thicker than that of the northeastern area. The transi-
tion zone does not exist in the northeastern Japan Basin but
in the northern part of central Japan Basin. And, the Moho
deepens eastward in the northern part of the central area and
deepens westward in the northeastern Japan Basin. From
these differences between two areas, the formation process
of the northern part of the central Japan Basin is inferred to
be different from that of the northeastern Japan Basin.

6. Conclusion
This study presents a model of the P-wave velocity struc-

ture in the northern part of the central Japan Basin derived
from OBS data using airgun shots. The sedimentary column
consists of two layers (1.7 km/s and 2.2–2.7 km/s), whose
thickness is about 1.5 km beneath OBS1 and OBS2, and is
0.7 km beneath OBS3. Beneath the sedimentary layer, the
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Fig. 8. Observed seismograms and comparison of synthetic amplitudes from different structure models for OBS1. (a): Record section for the vertical
component. Band-pass filtering is 5.0–15.0 Hz. (b): synthetic amplitude from the velocity structures without transition layer (V p = 7.5–7.6 km/s,
thickness of about 0.6 km). (c): synthetic amplitude from the velocity structures with transition layer.

Fig. 9. Comparison the crustal structure of the northern part of the central Japan Basin (dash-dotted line beneath OBS1, solid line beneath OBS2 and
dashed line beneath OBS3) and that of an oceanic crust in Pacific with ages between 3 and 15 Ma (shaded area) compiled by White et al. (1992). The
Horizontal axis is the P-wave velocity in km/s and vertical axis is the depth below the basement in km.
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Fig. 10. The location of this survey line (thick line) and the discrimination of the crustal structure of the Japan Sea (after Tamaki et al., 1992).

Fig. 11. Comparison of 2-D P-wave velocity structure between the northern part of the central Japan Basin and the northeastern Japan Basin (Hirata et
al., 1992) (lower). The vertical axis is the depth below the sea level. The horizontal axis is the distance from the western end of survey line in the central
and the eastern end of that in the northwestern. Positions of the profiles for 2-D velocity structures are shown (upper).

upper part of crust (3.8–4.3, 4.7–5.1 and 5.9–6.2 km/s) has
thickness of about 2.5 km in the central part of this profile.
The lower part of the crust (6.8–6.9 km/s) has thickness of
about 4.2 km that thickens eastward. The crustal thickness,
which is about 9 km including 1.5 km of the sedimentary
layer in the central part, increases eastward. The crustal
structure of the northern part of the central Japan Basin is
slightly different from that of a typical oceanic crust, espe-
cially, thickness and velocities in the upper part of crust,
which has less than 6.5 km/s of the P-wave velocity, do
not correspond to those of a typical oceanic crust. Also, it
is unconfirmed the linear geomagnetic anomaly around this
survey line. Although, the obtained P-wave velocity struc-
ture in the northern part of the central Japan Basin could be
interpreted to be either both anomalous thick oceanic crust
formed at spreading centers influenced by a mantle plume or
thinned continental crust at ocean-continental boundaries in

passive margins, this may be formed by thinning of a conti-
nental crust rather than by the melt of mantle plumes during
the opening of the Japan Sea because of no confirming of the
linear geomagnetic anomaly around this survey line. From
the comparison of P-wave velocity structure and magnetic
anomalies between the study area and the northeastern Japan
Basin, the formation process of the northern part of the cen-
tral Japan Basin is inferred not to be formed by typical ocean
floor spreading. For these interpretations, it is considered to
the process that the Japan Basin has formed complicatedly.
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