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Three dimensional velocity structure around aftershock area of the 2004 mid
Niigata prefecture earthquake (M6.8) by the Double-Difference tomography
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The 2004 mid Niigata prefecture earthquake with M6.8 occurred in the north of central part of Japan. It was
a reverse fault by the regional compression stress field in NW-SE direction. Several aftershocks with M≥6 were
occurred. The large aftershocks occurred on plural fault planes. The plane was either parallel or normal to the
main shock one. We estimated three dimensional velocity structures in and around the focal area of the earthquake
by using a Double Difference tomography method. The arrival time data were picked from seismograms at the
deployed seismic stations settled by Kyoto and Kyushu universities in collaboration, NIED, ERI, and JMA. The
velocity structure showed that a low velocity zone existed in the northwest part of the aftershock area. On the
contrary, the velocity in the southeast became high. Moreover, the fault plane of the main shock inferred from
the aftershock distribution was located at the velocity boundary.
Key words: Velocity structure, DD tomography, 2004 mid Niigata, prefecture earthquake.

1. Introduction
The 2004 mid Niigata prefecture earthquake with M6.8

occurred in the north of central part of Japan on October
23, 2004. The residents and their infra-structures of this
area had been damaged by the earthquake. One of the rea-
sons for the damage was an occurrence of several large af-
tershocks with M≥6. The aftershocks were not only located
on the fault plane of the main shock, but also on the conju-
gate plane and a plane parallel to the main shock. There
were some studies on the aftershock distribution (i.e. Aoki
et al., 2005; Sakai et al., 2005; Shibutani et al., 2005; Kato,
2005). They showed an existence of the plural fault in the
aftershock area based on the geometry of the aftershock dis-
tribution. According to a detailed study of the hypocen-
ter distribution (Shibutani et al., 2005), at least three or
four different fault planes of the large events could be rec-
ognized. It is necessary to study a relationship between
such a complicated structure of the fault planes and the
inhomogeneous structure of the area. Velocity structures
around hypocentral area of the large intra-plate earthquakes
had been estimated through the tomographic approach by
many researches. Recently, a Double Difference (DD) seis-
mic tomography method had been developed by Zhang and
Thurber (2003). The DD tomography has been advanta-
geously employed to estimate the inhomogeneous structure
around hypocenters in detail by calculating absolute and
relative arrival times. Several research studies were fol-
lowed by using this method. For instance, Okada et al.
(2005a) estimated a velocity structure in the region of the
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2003 Northern Miyagi Earthquake. They concluded that
the earthquake occurred at a velocity boundary formed by
the ascent normal faulting with the following reverse fault-
ing. In the present study, we attempt to estimate a velocity
structure of the hypocentral area of the 2005 mid Niigata
prefecture earthquake by means of the DD tomography al-
gorithm developed by Zhang and Thurber (2003).

2. Data and Analysis
After the occurrence of the main shock, in order to de-

termine the precise aftershock location, we started with a
temporal seismic observation in the aftershock area of the
earthquake. Several seismic stations had been set up in
this region by the National Institute for Earth Science and
Disaster Prevention (NIED), Earthquake Research Institute,
University of Tokyo (ERI), and the Japan Meteorological
Agency (JMA) respectively. Figure 1 shows the distribu-
tion of the stations. The seismic signals at three stations
(TDOM, YMKS, OJKW) are continuously telemetered via
satellite to the institutes of Kyushu and Kyoto Universities.
The CTOI, CYKN, CYKH, and CHKM are off-line sta-
tions at which data are recorded by data loggers. By staffs
of the joint observation of Kyoto and Kyushu universities,
the arrival time data of P and S wave were picked manu-
ally. We used these data for the DD tomography analyses.
Shibutani et al. (2005) obtained a detailed hypocenter dis-
tribution, station corrections for on-line stations and one di-
mensional velocity structure through the Joint Hypocenter
Determination method. They pointed out that the velocity
structure had a strong inhomogeneity just beneath the sta-
tions, since the spatial distribution of the station correction
factors showed a large deviation. As an initial model, we
adopted such velocity structure. The station corrections are
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Fig. 1. Map showing station and grid distribution. Cross indicates the location of grid at which velocity is estimated in the tomography. Circle denotes
epicenter used in this study. Triangle denotes a location of stations. (Upper right) closed up figure in the aftershock area is shown.

Fig. 2. Velocity perturbations for P and S waves at a depth of 7.5 km. Left
maps show the final results. The perturbation is defined as a deviation
from average velocity at 7.5 km. Relocated hypocenters with depth of
8–10 km are plotted by open circles. The CRT velocity perturbation on
the grid is plotted on the lower-right side figures. The result of RRT is
displayed in the upper-right side.

also applied to the arrival time data to avoid probable in-
stability of tomographic inversion. For the off-line station,
where the station correction was not available, the station
correction are applied from the value taken at the neighbor-
ing on-line station. The analysis is separated into two steps.
At first, the velocity structure at the sparse grid points with
horizontal interval of 20 km and depth interval of 5 km was
estimated because of the low resolution caused by the sparse
station distribution except around the source region. The
grids are distributed to have an equal interval in the N30E
and N60W directions. The vertical grids solved in the inver-
sion are set at depths of 0, 2.5, 7.5, 12.5, and 20 km. Next,
we obtain a detail velocity structure in the hypocentral area
based on the results of the first step as an initial model. The
grid distribution for the second step is shown in Fig. 1. In
the hypocentral area, the vertical grid interval is set to 2.5
km. The horizontal one is 3.62 km. By this setting, the
grid points are located on the plane with a dip angle of 54
degree. This angle is similar to that of the mainshock fault
plane. The vertical grid is set at the depths of 0, 2.5, 5, 7.5,
10, 12.5, 15 km. At grids deeper than 15 km, the inversion
could not be resolved due probably to the small ray paths
contributing those grids. The numbers of P and S wave
arrival data picked from 755 earthquakes at 50 stations are
20569 and 19968, respectively. The double differences of
114553 for P and 106836 for S are added to those of the
absolute arrival data.
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(a)

(b)

Fig. 3. Vertical cross section of the velocity perturbation normal to the fault plane. (a) The sections are taken along the line A-A′, B-B′ and C-C′. Star
shows the event with M≥6. Open circle and cross are the epicenter and grid points, respectively. b) The perturbation plotted in velocity among grids
at each depth. The sections for A-A′, B-B′ and C-C contain the hypocenter of the main shock, the largest aftershock, and the event on the conjugate
fault, respectively. Solid circle and stars are the same as in Fig. 2. Star indicates the event with M≥6. The results of CRT and RRT are shown in
lower of the figure.

3. Results
Final results are obtained after 17 and 29 times’ iteration

for the first and the second steps of the inversion. The root
mean square residual (rms) finally became 0.064 sec from
the initial rms residual of 0.950 sec. Figure 2 shows the ve-
locity structure at a depth of 7.5 km. Both P and S wave
velocities are shown. To check the resolution of the inver-
sion, we carried out a checker board resolution test (CRT)
and a restoring resolution check (RRT), both of which had

been used in the many tomographic studies. In the CRT test,
velocity perturbations of +5% and −5% are assigned to the
grid points by turns. RRT for the obtained structure was
carried out. Figure 2 shows the results of CRT and RRT.
Throughout the both checks, the velocity could be resolved
at the hypocentral region. However, the velocity is not re-
solved well out of the hypocentral region. The high reso-
lution region for S wave slightly shifts to the east in CRT.
This could be caused by the larger number of picked arrival
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Fig. 4. Velocity perturbation on the main shock fault. Upper and lower figures indicate the perturbations of P and S wave velocity, respectively. The
results of CRT and RRT are shown in lower of the figure.

time of S wave at the station located in the western part of
the network. At these stations, a high frequency component
dominated in the seismograms is observed, being due to a
high S/N ratio. Therefore, the arrival time data of S wave
can be obtained easily. Then the velocity in the western part
can be resolved well.

At a 7.5 km depth, the low velocity region is distributed
in the west of the aftershock area. Figure 3 shows P and
S wave velocity perturbations on the vertical cross sections
normal to the fault plane strike along the line displayed in
Fig. 3(a). The sections included the hypocenter of the main
shock, the largest aftershock, and the large after shock on
the conjugate fault plane. From comparisons of the results
with the CRT and RRT, the velocity structure is resolved
around the hypocenters. The low velocity region is found
in the hanging wall of the main shock fault. The velocity
becomes high at the opposite side of the fault. It seems
that the main shock faulting occurred at the edge of high
velocity region. We can also see a feature in which the
initiation points of the large earthquakes noted by stars in
Fig. 3 are located in the area with a relatively low velocity.
This feature is clear for a S wave velocity structure. The
hypocenters plotted in the figure are relocated by the inver-
sion scheme. The hypocenters are distributed on the fault
plane of the large events. The velocity perturbations for P

and S waves on and around the fault of the main shock are
displayed in Fig. 4. The cross section, which almost co-
incided with the fault plane of the main shock, is taken to
include the hypocenter of the main shock. In this figure,
the velocity distribution on the fault is inhomogeneous. It
seems that the aftershocks are located in the high or medium
velocity region. In addition, the velocity becomes relatively
lower at the hypocenter of the main shock.

4. Discussions
From the velocity distribution on the fault plane as seen

in Fig. 4, the high velocity part appears at a shallower NE
part of the fault plane more than the hypocenter of the
main shock. According to the slip distribution of the fault
(Honda et al., 2005), the large slip occurred at and just
above the hypocenter. Comparing this slip distribution with
the velocity one, the large slip area corresponds to the high
velocity region.

In the tomographic inversion, the hypocenters are relo-
cated. Figure 5 shows a map view and a vertical cross
sections of both initial and relocated hypocenters used in
this study along X-X′. The hypocenters shift to the west-
ward after the relocation. It is considered that this move of
hypocenter is mainly caused by the existence of a low veloc-
ity region in shallower NW part. In addition, the distribu-
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Fig. 5. Hypocenter distribution before and after the tomographic inver-
sion. Blue symbol shows initial location of hypocenter. Relocated
hypocenters are indicated by the red symbols.

Fig. 6. An interpretation of the hypocenter distribution and the velocity
structure. Projected hypocenters on the normal plane to the fault are
relocated based on the obtained velocity structure. The cross section is
the same as B-B′ for S wave velocity in Fig. 3.

tion becomes less scattering. The image of the plural faults
becomes clear by the DD tomography. Figure 6 shows the
relocated hypocenters in Fig. 5 and the B-B′ cross section
of velocity perturbation shown in Fig. 3. From this figure,
we can also see the ruptures of the large events initiated in
the regions with a low velocity. It also seems that the veloc-

ity in the hanging wall side of the main shock fault is low.
The velocity contour condenses around the fault plane of the
main shock. This implies a possibility that the main shock
fault is located in the velocity transition zone from low to
high. This feature is similar to the study in the 2003 north-
ern Miyagi earthquake reported by Okada et al. (2005a).

Okada et al. (2005b) and Kato et al. (2005) estimated
the velocity structure in this region. By applying the DD
tomography technique, they also analyzed different datasets
taken from many off-line stations. When compared our
result to those of them, the general features of the velocity
structure were almost similar.
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