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Three-dimensional P and S wave velocity structures beneath the Hokkaido
corner, Japan-Kurile arc-arc junction
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We applied an inverse method developed by Zhao et al. (J. Geophys. Res., 97, 19909–19928, 1992) to 42,834
P and 18,263 S wave arrival time data observed at 152 seismographic stations for 1143 local earthquakes at
depths between 0 and 200 km in order to estimate three-dimensional P and S wave velocity structures beneath
the Hokkaido corner, Japan-Kurile arc-arc junction. High- and low-velocity zones were clearly imaged in the
Hidaka Mountain Range at depths shallower than 35 km. The low-velocity anomalies of P and S waves were
found to be distributed in the mantle wedge at depths between 35 and 100 km beneath the volcanic front, as also
observed in the Tohoku region. Another low-velocity zone was found to exist in the fore-arc region at depths
of 50–70 km above the plate boundary; this zone was not detected in Tohoku, suggesting that the dehydration
process in the fore-arc region is different from that in the Tohoku region.
Key words: Hokkaido, P and S wave velocity structures, Hidaka Mountain Range, volcanic front, mantle wedge,
magma, dehydration process.

1. Introduction
The velocity structure of seismic waves is one of the most

important physical parameters used to investigate hetero-
geneities in the crust and the mantle of the earth. A num-
ber of researchers have studied three-dimensional (3D) P
and S wave velocity structures beneath the Hokkaido cor-
ner, Japan-Kurile arc-arc junction (Takanami, 1982; Miya-
machi and Moriya, 1984; Miyamachi et al., 1994; Murai
et al., 2003; Ogiso et al., 2005) (Fig. 1). The Pacific plate
at the northwestern part of the Pacific Ocean is descending
beneath the Kurile Islands and Japan Islands. The northern
part of Honshu, Hokkaido and Kurile Islands is located on
the North American plate or on the Okhotsk plate (see Taka-
hashi et al., 1999). According to the NUVEL-1A model
the Pacific plate around the Hokkaido corner moves in a
N63◦W direction at a speed of 83 mm/year relative to the
North American plate (DeMets et al., 1994).

There is yet another plate-like motion in the Hokkaido
corner. The Kurile Islands arc is moving toward the south-
west at a speed of 6–11 mm/year relative to the North Amer-
ican plate (DeMets, 1992) and has been colliding against the
northeastern Japan arc since middle Miocene, forming the
arc-arc type Hidaka collision zone (HCZ) in and around the
Hokkaido corner (see Kimura, 1996). The results of seis-
mic reflection surveys suggest that the lower crust of the
Kurile Islands arc was delaminated at the HCZ by this col-
lision (Tsumura et al., 1999). The Hidaka Mountain Range
(HMR) located at the HCZ is uplifting as a result of these
processes.

The purpose of this study is to obtain a more detailed 3D
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picture of the P and S wave velocity structures in this wide
area, including the volcanic front, with a spatial resolution
smaller than 50 km by using travel time data from a new
dense seismographic network.

2. Data and Method
We used waveform data from 47 temporary seismo-

graphic stations in and around the HMR that were deployed
in July 1999 and retrieved in June 2001 (Fig. 1). Each
station consisted of a short-period three-component seis-
mometer with a natural frequency of 1 Hz. All waveform
data were telemetered by way of a communication satel-
lite. We also used waveform data from stationary seis-
mic stations in Hokkaido and northeastern Japan islands.
They are maintained by Institute of Seismology and Vol-
canology, Hokkaido University (ISV), Japan Meteorologi-
cal Agency (JMA), Tohoku University, Hirosaki University
and National Research Institute for Earth Science and Dis-
aster Prevention (NIED). The high sensitivity seismograph
network (Hi-net) is constructed and maintained by NIED
and has been functional in Hokkaido since October 2000.
We downloaded waveform data of earthquakes larger than
M = 3.5 from the website of NIED up until the end of our
short-term observational period.

For a seismic tomography method to be reliable, a vast
number of accurate and reliable arrival time data are needed.
One of the authors examined all waveform data one by
one alone and, after a careful inspection, selected 42,834
P wave and 18,268 S wave arrival times from 1143 earth-
quakes. Among the selected earthquakes 99 occurred at
depths of less than 15 km, 117, at depths between 15 and
30 km, 300 at depths between 30 and 60 km, 277 at depths
between 60 and 100 km and 335 at depths between 100 and
200 km; 15 occurred deeper than 200 km. Around the HMR
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Fig. 1. Tectonic map of the Hokkaido corner region. Triangles are
active volcanoes. Bold lines are tectonic lines dividing Hokkaido Island
into three regions: Western Hokkaido (WH), Central Hokkaido (CH)
and Eastern Hokkaido (EH). HMR indicates the Hidaka Mountain
Range. Closed circles, crosses and open circles indicate the temporary
seismographic stations from 1999 to 2001, the stationary stations and
the Hi-net stations, respectively. The inset shows plate boundaries: the
Eurasian (EU), the Pacific (PA), the North American and the Philippine
Sea (PH) plates.

the seismic activity is very high down to the upper mantle
due to the collision between the Kurile Islands arc and the
northeastern Japan arc. A seismic zone associated with the
subducting Pacific plate is getting deep in the north or north-
west directions. All selected earthquakes had ten or more P
wave readings. The accuracy for most P and S arrival times
are considered to be 0.05–0.1 s and 0.1–0.2 s, respectively.

Zhao et al. (1992) and Zhao and Hasegawa (1993) devel-
oped an improved tomographic method to study the deep
structure of the Japan subduction zone. We have applied
the same tomographic method in order to obtain 3D P and
S wave velocity structures in the Hokkaido corner region.
The study area (40.75–44.25◦N, 140.75–145.25◦E) was di-
vided into grids with spacing 0.25◦ in longitude × 0.25◦ in
latitude on each plane at depths of 5, 20, 35, 50, 70 and 100
km. The total number of grid nodes was 1710. The initial
P wave velocities were assumed to be 6.0 km/s at 5 km in
depth, that is, at the upper crust; 6.7 km/s at 20 km, that is,
at the lower crust; 7.7 km/s at 35 km, that is, at the most up-
per mantle; 7.8 km/s at 50 km; 7.8 km/s at 70 km; 7.9 km/s
at 100 km. Zhao (1991) showed that this initial model rep-
resents well the 1D velocity structure for the crust and the
upper mantle in Japan. The initial S wave velocities were
assumed to be 1/

√
3 of the P wave velocity at each depth.

We assumed the depth distributions of the Conrad and
the Moho determined by Zhao et al. (1990). The velocities
increased discontinuously both at the Conrad and at the
Moho. We performed the “non-plate” inversion, which was
one of the tomographic methods described in Zhao et al.
(1992). In this case, the depth distributions of the upper
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Fig. 2. P and S wave velocity perturbations in percentages from the
initial velocities. Positive and negative perturbations denote high and
low velocity, respectively. The depth of the layer and the initial velocity
are shown in the top left and in the bottom right corners of each map,
respectively. White lines show the upper boundary of the Pacific plate
at each depth determined by Katsumata et al. (2003). Triangles indicate
active volcanoes.

boundary of the Pacific plate were not assumed. Although
Katsumata et al. (2003) estimated the plate boundary with
hypocentral distribution, we did not assume this model in
our tomography. We will compare Katsumata’s model with
velocity structures in this study.

3. Results
Figure 2 shows fractional P wave velocity perturbations

as percentages of the initial model. Convergent solutions
were obtained for P waves after two iterations. We simul-
taneously calculated 1143 × 4 source parameters and 627
P wave velocity perturbations for grids with 100 and more
rays passing around each grid. Of these grids, 90% had
500 or more rays and 70% had 1000 or more rays. A root
mean square of arrival time residuals was 0.536 s before
the inversion, which was reduced to 0.332 s after two iter-
ations; 90% of the hypocenters moved horizontally 0–7 km
and vertically 0–10 km compared with the initial locations.

High- and low-velocity zones of P waves were clearly
imaged in the HMR at depths of 5, 20 and 35 km, re-
sults consistent with those obtained by Takanami (1982)
and Miyamachi and Moriya (1984). The geological tec-
tonic lines in Fig. 1 and low-velocity zones have good cor-
relations at the depth of 20 km. The low-velocity zone at
the western foot of the HMR extends toward the northwest
and runs along the tectonic line between the central and
the western Hokkaido. Another low-velocity zone running
around the longitude of 144◦E corresponds to the tectonic
line between central and eastern Hokkaido. Detailed ex-
planations about these tectonic lines are provided in earlier
studies (see Arita et al., 1998).

The velocity was as much as several percentage points
lower at depths of 35, 70 and 100 km beneath the volcanic
front in the central and the eastern Hokkaido. However, the
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Fig. 3. Results of the checkerboard resolution test for P and S wave
structures. The depth of the layer is shown in the top left corner of each
map.

velocity was higher rather than lower at a depth of 50 km.
Fractional S wave velocity perturbations are shown as

a percentage of the initial model in Fig. 2. Convergent
solutions were obtained for S waves after one iteration. We
simultaneously calculated 1143 × 4 source parameters and
533 S wave velocity perturbations for grids with 100 and
more rays passing around each grid. Of these grids, 90%
had 200 and more rays and 70% had 400 and more rays.
A root mean square for arrival time residual was 1.084 s
before the inversion, which was reduced to 0.542 s after
one iteration.

The low- and high-velocity zones beneath the HMR were
also imaged by S wave tomography. Low-velocity anoma-
lies were imaged at depths of 35, 70 and 100 km beneath the
volcanic front in the central and the eastern Hokkaido; these
images are consistent with results from the P wave velocity
imaging. The anomaly was particularly clear at a depth 35
km. The perturbation of S wave velocity was lower than
that of the P wave velocity.

Figure 3 shows the results of the checkerboard resolution
test for P and S waves. We assumed velocity perturbations
of +6 and −6% from the reference velocity at each depth.
The grid size was 0.25 × 0.25◦. The resolution was gener-
ally high in the central part of the study area.

4. Discussion and Concluding Remarks
Although the study areas of Takanami (1982) and Miya-

machi and Moriya (1984) were limited to around the HMR,
the pattern of velocity perturbations that these two groups
of researchers obtained is consistent with our results around
the HMR shallower than 35 km. A seismic refraction exper-
iment was conducted along a profile across the study area in
the investigation reported here (Research Group for Explo-

Fig. 4. Cross sections of velocity structures as a function of depth to the
Pacific plate. (a) and (b) are P wave in eastern Hokkaido and Tohoku,
respectively. (c) and (d) are S wave in eastern Hokkaido and Tohoku,
respectively. Velocity perturbations were stacked up and averaged along
isodepth contours of the upper boundary of the Pacific plate from 38◦N
to 40◦N in Tohoku, from 142.5◦E to 145◦E in Hokkaido. Triangles and
black lines indicate the volcanic front and the upper boundary of the
Pacific plate, respectively. (a) and (c) used a color scale from −6 to
+6%, and (b) and (d) used a color scale from −2 to +2%.

sion Seismology, 2002). Although the resolution is poor at
a depth of 5 km in our results, the velocity perturbations are
reliable since the velocity structure obtained by the seismic
refraction experiment is consistent with our results. Low-
velocity areas of P wave are imaged west and east of HMR
at a depth of 5 km (Fig. 2). The seismic refraction experi-
ment showed that sedimentary layers are very thick in these
areas.

Katsumata et al. (2003) estimated the plate boundary of
the Pacific plate from hypocentral distribution. Our results
appear to be consistent with their model. High-velocity
areas with several percent are imaged within the Pacific
plate at depths of 50, 70 and 100 km for both P and S
waves.

In the northeastern Japan arc (Tohoku region), the de-
tailed S wave velocity structure in the mantle wedge shows
a low-velocity zone that initiates above the deep seismic
zone at a depth of 140 km, extends upward and ends at
the depth of 30 km beneath the volcanic front (Nakajima
et al., 2001, 2005). They suggested that this low-velocity
zone is a pathway of the magma or fluids. In order to com-
pare the Tohoku region with the Hokkaido corner, we made
cross sections as a function of depth to the plate boundary
(Fig. 4). P and S wave velocity perturbations were stacked
up and averaged along isodepth contours of the subducted
Pacific plate. In the case of Hokkaido the low-velocity zone
of S wave extends from 100 km to 30 km, as seen in To-
hoku. However the S wave velocity is not so low at a depth
of 50 km as at 35, 70 and 100 km. A high-velocity anomaly
of the P wave exists around a depth of 50 km beneath the
volcanic front in Hokkaido. Moreover, there is another low-
velocity anomaly in the mantle wedge in the fore-arc region
of Hokkaido. Since the resolution is good in the fore-arc
region, the anomaly does not seem to be an artifact. This
observation may indicate a dehydration process in the fore-
arc region that is different from that of Tohoku.

We applied the tomographic method developed by Zhao
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et al. (1992) to arrival time data from shallow- and
intermediate-depth local earthquakes in order to determine
the detailed velocity structures of the P and S waves. The
resolution is rather good in the mantle wedge for imaging
large-scale deep structures. Future studies should be aimed
at imaging small-scale heterogeneities shallower than 20
km with higher resolution in order to gain an understand-
ing of the loading process of the tectonic stress. For this
purpose a method for simultaneous velocity and density in-
version appears to be valuable. (see Onizawa et al., 2002).
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