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Coseismic deformation of the Mid Niigata prefecture Earthquake in 2004
detected by RADARSAT/InSAR
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Crustal deformation associated with the Mid Niigata prefecture Earthquake in 2004 (M;y4 = 6.8) was
detected using RADARSAT SAR interferometry. A displacement of —40 cm in the line-of-sight to the satellite
was observed to the west of the main shock epicenter, and a displacement of 20 cm was observed to the east of
the epicenter. Fault parameters estimated from the obtained deformation were in good agreement with those of
the Centroid Moment Tensor solution for the main shock provided by the Japan Meteorological Agency. In the
postseismic period, a steep gradient of deformation was found around the Obiro and the Western Muikamachi
Basin faults, indicating that a fault-slip occurred in the shallow part of the fault. Since the seismicity in the
shallow part of the Western Muikamachi Basin fault was very low, we believe that it must have been an aseismic
slip. Crustal deformation associated with an aftershock that occurred on October 27 (M4 = 6.1) was detected,
and it was ascertained that this aftershock had ruptured the conjugate plane with respect to the Obiro fault. Since
locations and/or mechanisms of these faults differed significantly, it was determined that at least three faults were

involved in this series of earthquakes.
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1. Introduction

The Mid Niigata prefecture Earthquake in 2004
Myma = 6.8) occurred in northeastern Japan at 8:56
(GMT: Greenwich Mean Time) on October 24. According
to the Japan Meteorological Agency (JMA), the hypocen-
ter of this earthquake was located at 37.239°N latitude,
138.870°E longitude at a depth of 13.1 km (Fig. 1), and
the focal mechanism was a reverse-fault type. The largest
aftershock (M 4 = 6.5) occurred at 9:34 on the same
day (Fig. 1), and its focal mechanism was also a reverse-
fault type. Including these, earthquakes larger than M6.0
occurred four times on October 23 and once on October
27. The Japanese nationwide GPS network (GEONET)
observed crustal deformation associated with these earth-
quakes. The obtained displacement field and the estimated
fault mechanism, which is a reverse-fault type, were pub-
lished (Imakiire, 2005). GPS results and the aftershock dis-
tribution suggested that several fault planes had been rup-
tured in this series of earthquakes. For example, the largest
aftershock ruptured the parallel plane to the main shock
fault, and the aftershock that occurred on October 27 rup-
tured the conjugate plane (e.g., Hirata et al., 2005; Kato
et al., 2005; Sakai et al., 2005; Shibutani et al., 2005).
To investigate such a complex fault mechanism, more spa-
tially detailed deformation data is useful, thus we applied a
synthetic aperture radar interferometry (InSAR) technique
around the epicentral area. In this paper, we present the ob-
tained deformation field in the coseismic and postseismic
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periods and discuss faults that are related to this series of
earthquakes.

2. SAR Data and InSAR Pairs

The RADARSAT satellite was able to observe the epicen-
tral area at 20:45 (GMT) on October 24, which was the ear-
liest SAR observation after the main shock. Therefore we
selected RADARSAT SAR for this analysis and requested
an observation on October 24. The observation mode was
“FIN”; the incidence angle was 38°, the swath width was
50 km and the pixel size was 5 m. InSAR can detect one
component of displacement, projecting the ground displace-
ment vector onto the line-of-sight (LOS) of the radar. The
LOS direction for this data was (—0.602, 0.111, —0.790)
in the coordinate set (east, north, up). Each fringe of the
RADARSAT interferogram represents LOS displacement
of 2.85 cm, half of the wavelength of the radar.

In this study, we analyzed two interferometric pairs to
detect crustal deformation that occurred during the coseis-
mic and postseismic periods. First, an interferogram was
generated using SAR data acquired from a descending or-
bit on September 30 and October 24 (Pair 1). In this pe-
riod, the main shock, the largest aftershock, and two other
aftershocks larger than M6.0 occurred. The interferogram
of Pair 1 thus represents the sum of crustal deformation
caused by these earthquakes and/or by postseismic defor-
mation that must have occurred within 1.5 days. A second
interferogram was generated using SAR data acquired from
a descending orbit on October 24 and November 17 (Pair
2). During this period, an M6.1 aftershock occurred on Oc-
tober 27. The interferogram of Pair 2 represents the sum of
crustal deformation caused by this aftershock and/or post-

423



424

Fig. 1. Shaded-relief topographic map of the epicentral area. Blue cir-
cles associated with the focal mechanism denote epicenters of the main
shock (M6.8), the largest aftershock (M6.5), and the aftershock on Oc-
tober 27 (M6.1), provided by JMA. Red arrows indicate displacements
that occurred during the period corresponding to Pair 1 observed by
GEONET. Dashed yellow lines indicate the Obiro (OBRF), the West-
ern Muikamachi Basin (WMBF), and the Yukyuzan (YKZF) faults. The
dashed white box corresponds to the area illustrated in Figs. 2 and 3.
The blue square indicates the fixed point for displacement fields of
InSAR and GPS. The inset exhibits the area of this figure.

seismic deformation that must have occurred after October
24.

3. Pair 1: Crustal Deformation in the Coseismic
Period
3.1 Interferogram and displacement field

The orbit difference (baseline) of Pair 1 is 900 m (the per-
pendicular component with respect to LOS is 770 m). Good
coherence was obtained in and around populated and flat
areas where vegetation is scarce (Fig. 2), although baseline
condition was never suitable for the application to InSAR.
Several GEONET stations have been operating in the area
where coherence was obtained, and we compared displace-
ments in LOS obtained by InSAR with those calculated
from three-dimensional displacement vectors observed by
GEONET (Table 1). These were in good agreement within
3 cm, indicating that the obtained displacement field has an
accuracy of several centimeters.

Interferometric fringes around Ojiya City, located to the
west of the epicenter, reveal that the ground moved to-
ward the satellite. The largest displacement detected from
InSAR, —40 cm, was observed in this area (Fig. 2). We sus-
pect that displacement around the epicenter was even larger,
but coherence could not be obtained. In contrast, interfer-
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ometric fringes around Uonuma City, located to the east of
the epicenter, reveal that the ground moved away from the
satellite. At the center of this deformation, a displacement
of 20 cm was observed by InSAR.

As mentioned above, the obtained deformation reveals
that the western area of the epicenter moved toward the
satellite and that the eastern area moved away from the
satellite. Such a deformation pattern roughly corresponds
to crustal deformation induced by reverse faulting, which
thrusts the west area over the east area.

3.2 Estimation of fault parameters

To estimate the configuration of the main shock fault,
we assumed that the obtained displacement field could be
explained by a rectangular fault, and estimated parameters
for the elastic half-space dislocation model (Okada, 1985)
using a grid-search algorithm. Although InSAR provides
displacement data for about 100,000 points, it is inefficient
to use all data points for the inversion analysis. We applied
the Quadtree algorithm (Samet and Webber, 1988), and
reduced the input data to 153 points.

The interferogram simulated using estimated parameters
explains the observed data well (Fig. 2(b)), and the root-
mean squared residual (RMS) is 9 mm. To evaluate the sta-
bility of the estimated parameters, we calculated a range
in which the RMS reached 18 mm (twice its minimum,;
value in parentheses in Table 2). It illustrates that the loca-
tion and geometry of the fault were constrained particularly
well. Estimated parameters are in good agreement with the
Centroid Moment Tensor (CMT) solution from JMA with
respect to the strike, dip, and rake directions, as well as the
moment magnitude (Table 2). Although the location of the
fault was estimated in several kilometers west from that of
the CMT, such difference was also obtained from the relo-
cation analysis of hypocenters, suggesting that it had been
caused by the heterogeneity of the crustal structure (Sakai et
al., 2005; Shibutani et al., 2005). These parameters may be
not necessarily consistent, but we believe from this agree-
ment that estimated parameters represent the fault configu-
ration of the main shock well.

The estimated fault is located between the Obiro and
the Yukyuzan faults where there are no Quaternary active
faults, rather it seems that the line where the extension of
the fault intersects the surface (thick dashed red line in
Fig. 2(b)) corresponds to the Kajikane syncline axis that

Table 1. Comparison between InSAR and GPS displacements in LOS.

Station No. Sep. 30—Oct. 24 Oct. 24-Nov. 17
InSAR GPS InSAR GPS
970810 -9 -9 5 -2
020961 0 6 3 8
970807 —21 —28 2 -1
960568 141 168 —17 —16
950242 59 73 18 10
970806 -8 =5 8 -3
950246 =2 4 5 3
unit: mm
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Fig. 2. (a) Interferogram generated from SAR data acquired on September 30 and October 24. Thick solid lines represent the Yukyuzan (YKZF),
the Obiro (OBRF), and the Western Muikamachi Basin faults (WMBF). Purple stars denote epicenters of the main shock (M6.8) and the largest
aftershock (M6.5). Thin contours represent the topographic height every 100 m. The blue line corresponds to the profile AA’ illustrated in Fig. 2(d).
The inset indicates the observation geometry of InSAR. (b) Simulated interferogram. The dashed red rectangle indicates the location of the estimated
fault. The red line on the rectangle denotes its upper edge. The thick dashed red line indicates the location where an extension of the fault intersects the
surface. The blue curve indicates the location of the Kajikane syncline axis. (c) Residual interferogram (observation—simulation). (d) Displacement
profile along AA’ of Fig. 2(a). Solid and red curves indicate observed and simulated displacements.
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Table 2. Comparison between estimated parameters and CMT solution from JMA.

Latitude Longitude Depth Strike Dip Rake Length Width Slip My
) ) (km) ©) @) ) (km) (km) (m)
This study*? 37.335"! 138.818*! 9.4 200 45 72 14.6 7.7 3.89 6.8
(0.009) (0.010) (1.3) (12) 3) (16) (3.0 (1.0 0.61)
JMA CMT 37.300 138.880 12.1 197 51 73 6.7

*1 Indicates the location of the lower center of the fault.

*2 Values in parentheses are a range of which the RMS reaches 18 mm (twice its minimum).

was mapped on the geological map (blue line in Fig. 2(b);
Yanagisawa et al., 1986). Conceivably, the occurrence
mechanism of the main shock might relate to such a struc-
ture of a fold.

This result does not necessarily indicate that the fault slip
did not occur on other faults. Indeed, a systematic resid-
ual appears around the Western Muikamachi Basin fault
(Fig. 2(c)), possibly caused by a discrepancy in the assump-
tion that the displacement field can be explained by a single
fault. Therefore, a small error may be included in estimated
parameters, but it need not affect this discussion. To investi-
gate whether the rupture occurred on other faults, additional
data and a more detailed analysis will be required.

4. Pair 2: Crustal Deformation in the Postseismic
Period
4.1 Interferogram and displacement field

The baseline of Pair 2 was 180 m (the perpendicular com-
ponent was 170 m), and good coherence was obtained in a
populated areas and also in a mountain area (Fig. 3). A
comparison between the displacements in LOS observed by
InSAR and those calculated from GEONET displacement
vectors exhibits good agreement within 11 mm (Table 1),
indicating that the obtained displacement field has the same
or better accuracy than that of Pair 1. It may have been due
to much better coherence than that of Pair 1. A displace-
ment indicating that the ground moved toward the satellite
was found in the epicentral area of 20 x 30 km. The largest
displacement, —8 cm, was observed to the west of the Obiro
fault (Fig. 3).

4.2 Crustal deformation around the Western Muika-
machi Basin fault

A discontinuity in the interferometric fringe appeared for
20 km along the Western Muikamachi Basin fault (solid line
of Fig. 3(a)). The displacement profile BB’ illustrates that
displacement across the fault is 5 cm in LOS component
(Fig. 3(b)). Actually, flexural deformation of 10 to 20 cm
was found in one part of the fault in a survey conducted
by Nagoya University (Suzuki et al., 2004), supporting our
results.

This deformation indicates that the western area of the
fault moved toward the satellite. It is possible that land-
slides occurred in this area corresponding to a mountain
area. However, a fringe pattern caused by landslides would
be more complex and more local, relating to the topogra-
phy. Therefore, we think that this possibility is unlikely.
In contrast, the obtained deformation reveals the eastern

area moved away from the satellite. It is possible that land
subsidence occurred in this area corresponding to a basin
area. Although this possibility cannot be completely re-
jected, we believe that the interpretation that this deforma-
tion was caused by a faulting is reasonable because it would
explain deformation in both sides of the fault. We then tried
to account for the displacement profile BB’ with forward it-
eration of the elastic half-space dislocation model (Okada,
1985). Fault A in Table 3 shows the estimated parameter
that was obtained from this analysis. Although this is a pre-
liminary result, the simulated displacement from it agrees
with the observed one (red line in Fig. 3(b)). In this esti-
mation, the rake, strike, and length of the fault were fixed
parameters, which were supposed from the interferogram.
The upper edge of the fault is consistent with the West-
ern Muikamachi Basin fault. Furthermore the dip angle
is also similar to that of the Western Muikamachi Basin
fault (Yanagisawa et al., 1986). These facts indicate that
the Western Muikamachi Basin fault was involved in this
series of earthquakes.

The bottom edge of the fault was also fixed to a depth
of 5 km in this estimation because it was not constrained
uniquely. Therefore, we cannot decide if the fault slip oc-
curred in the deeper part of the fault. However, if the upper
edge of the fault was not very shallow, this steep gradient of
the displacement cannot be explained. It indicates that the
fault slip occurred in the shallow part of the Western Muika-
machi Basin fault. However, few aftershocks occurred in
the shallow part around the area (Fig. 3(d)). This indicates
the possibility that an aseismic slip occurred in the shallow
part of the Western Muikamachi Basin fault during the post-
seismic period.

4.3 Crustal deformation associated with the after-
shock on October 27

A steep gradient of deformation was also observed for
5 km along the Obiro fault, extending to the north from the
Western Muikamachi Basin fault. Its deformation illustrates
that the western area of the fault moved toward the satellite
relative to the eastern area (Fig. 3(c)). Near the Obiro fault,
it was reported that a surface rupture with a gap of 10 to 20
cm appeared (Maruyama et al., 2005), which is consistent
with our result. It seems to indicate that a fault slip also oc-
curred in the shallow part of the Obiro fault. However, both
sides of the fault moved toward the satellite. Such a defor-
mation pattern cannot be explained by a single reverse fault.
This implies that the crustal deformation associated with the
aftershock that occurred to the east of the fault on October
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(a) Interferogram generated from SAR data acquired on October 24 and November 17. Thick solid lines represent the Yukyuzan (YKZF),

the Obiro (OBRF), and the Western Muikamachi Basin faults (WMBF). Purple star denotes the epicenter of the aftershock on October 27 (M6.1).
Thin contours represent the topographic height every 100 m. The blue lines correspond to profiles BB’ and CC’ illustrated in Fig. 3(b) and (c). (b)
Displacement profile along BB’ of Fig. 3(a). The solid and red curves denote observed and simulated displacements. (c) Displacement profile along
CC’ of Fig. 3(a). The solid curve indicates the observed displacement. The blue curve represents the displacement profile simulated from a model
supposing a single fault, which is consistent with the Obiro fault. The red curve represents the displacement profile simulated from a model supposing
two faults, which is in the conjugate relation. (d) Distribution of aftershocks that occurred from October 24 to November 17, provided by JMA.

Table 3. Fault parameters estimated from the interferogram of the postseismic period.

Fault *! Latitude*? Longitude*? Depth*? Strike Dip Rake Length Width Slip
©) ©) (km) ) ) ) (km) (km) (m)

A 37.168 138.871 5 205 60 90 18 5.8 0.06

B 37.321 138.945 5 205 60 90 12 5.8 0.06

C 37.276 139.065 16 25 30 90 12 15.0 0.38

*I' A B, and C correspond to the Western Muikamachi Basin fault, the Obiro fault, and the fault of the aftershock on October 27.

*2 Indicates the location of the lower center of the fault.

27 Mypya = 6.1) must be included in the displacement
field around this area. Based on the distribution of after-
shocks, it has been suggested that this aftershock had rup-
tured a conjugate plane (e.g., Hirata ez al., 2005; Kato et al.,
2005; Sakai et al., 2005; Shibutani et al., 2005). We then
tried to account for the displacement profile CC’ with the
same method as in the previous section. The blue curve of
Fig. 3(c) is the displacement profile simulated from a model
supposing a single fault which is consistent with the Obiro
fault. It hardly explains the observed displacement field. On
the other hand, the red curve of Fig. 3(c) is the displacement

profile simulated from a model supposing two faults, which
is in the conjugate relation (Fault parameters were shown in
B and C of Table 3). It explains the observed displacement
field well, and therefore this deformation must have been
caused by slips on two faults, the Obiro fault and the fault
of the aftershock on October 27.

5. Summary

We applied RADARSAT SAR interferometry to detect
crustal deformation associated with the Mid Niigata pre-
fecture Earthquake in 2004. Fault parameters of the main
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shock could be estimated from crustal deformation of the
coseismic period, suggesting that the mechanism of the
main shock might relate to a structure of a fold.

Crustal deformation in the postseismic period suggests
that an aseismic slip occurred in the shallow part of the
Western Muikamachi Basin fault. Additionally, crustal de-
formation associated with the aftershock on October 27 was
detected, indicating that its aftershock had ruptured a con-
jugate plane with respect to the Obiro fault. These results
demonstrate that at least three faults are related to this se-
ries of earthquakes, namely the main shock, the aftershock
that occurred on October 27, and the Obiro-Western Muika-
machi Basin faults. However, all of the observed crustal de-
formation cannot be explained by these faults, implying that
other faults might also be involved in this series of earth-
quakes.

As mentioned in this paper, the mechanism of this series
of earthquakes is very complex, and therefore more detailed
investigations, combined with other data, will be required
for future studies.
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