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The seismicity, fault structures, and stress field in the seismic gap adjacent to
the 2004 Mid-Niigata earthquake inferred from seismological observations
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We investigate the seismicity, fault structures, and stress field in the southern seismic gap adjacent to the source
region of the 2004 Mid-Niigata earthquake based on precise earthquake locations and focal mechanism solutions.
The double-difference earthquake locations reveal detailed fault structures including five discrete clusters. A
stress tensor inversion method indicates that, at the southern ends of the Muikamachi and the Tokamachi faults,
the stress state changes from thrust faulting to a strike-slip faulting regime. We show two possibilities for the deep-
fault geometry of the southern part of the Muikamachi fault. Our preferred fault geometries of the Muikamachi
fault differ from that of the mainshock, especially for the geometry of the dip direction. It is likely that the
Muikamachi fault is divided into two segments whose boundary corresponds to the southern end of the source
region of the 2004 event, and that the rupture area was terminated due to this fault segment boundary. The
Coulomb failure stresses that are induced by the mainshock and the largest aftershock increase at the southern
part of the Muikamachi faults. Furthermore, the angle between the maximum principal stress and the preferred
fault planes implies that the shear stress resolving along the planes are large. This evidence suggests a high
seismic risk in the seismic gap.
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seismic observation, microearthquake.

1. Introduction

The October 23, 2004, Myya = 6.8 Mid-Niigata earth-
quake occurred in an active folded region in central Japan.
The focal mechanism of this earthquake was a reverse fault-
ing whose strike was about N35°E, which is typical in the
area. The mainshock was followed by a large number of
aftershocks, including one, the largest, of Mjya = 6.5.
The aftershock distributions show complex fault structures
in the source region including sub-parallel fault planes (the
mainshock and the largest aftershock) and conjugate fault
planes (Aoki et al., 2005; Sakai et al., 2005; Shibutani et
al., 2005). Double-difference tomography reveals that the
hanging wall side of the mainshock has lower seismic ve-
locities and the footwall side has higher ones (Kato et al.,
2005; Korenaga et al., 2005; Okada et al., 2005; Takeda et
al., 2005).

When a large earthquake occurs, the seismic risk in adja-
cent regions increases because of large stress concentrations
due to the size of the earthquake. In fact, there is much ob-
servational evidence that adjacent regions are successively
ruptured. The 2004 Sumatra-Andaman Island and the 2005
Northern Sumatra earthquakes are typical examples. The
migration of earthquakes is also known to occur, with the

*Present address: National Research Institute for Earth Science and
Disaster Prevention, 3-1, Tennodai, Tsukuba, Ibaraki 305-0006, Japan.

Copyright (© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

most frequently cited case being a sequence of earthquakes
along the North Anatolian fault. It should be noted that such
triggering of earthquakes in adjacent regions is not limited
to the plate boundary faults. For example, the 1982—-1985
Coalinga sequence occurred beneath the northern half of
a 110-km-long fold chain bounding the eastern California
Coast Ranges (Stein and Ekstrom, 1992). These successive
failures have been well explained by the Coulomb stress
transfer (Stein et al., 1997; Lin and Stein, 2004). Since
the calculation of the Coulomb stress transfer depends on
assumptions of fault geometry and faulting type, it is nec-
essary to investigate the fault structures and stress states in
adjacent regions before an earthquake occurs in order to im-
prove our ability to forecast earthquake hazards.

The 1828 Sanjou earthquake (M6.9) and the 1847 Zenk-
ouji earthquake (M7.4) occurred on the north and south
sides of the source region, respectively (Fig. 1). Although
the source areas of both of these earthquakes are poorly un-
derstood because of historical events, it is likely that the
1847 Zenkouji earthquake occurred at the western marginal
fault zone of the Nagano basin and that there exists a seis-
mic gap between the 2004 Mid-Niigata earthquake and the
1847 Zenkouji earthquake. Note that there are two active
faults within the seismic gap, namely the Muikamachi and
Tokamachi faults (Fig. 1).

The purpose of this study is to investigate the seismic-
ity, fault structures, and stress state in the seismic gap ad-
jacent to the source region of the 2004 earthquake based
on seismological analyses. We analyzed earthquakes that
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Fig. 1.

Map of the Niigata region, central Japan. Gray circles mark the epicenters of aftershocks determined by JMA for the period from October 23 to

December 31. Temporary stations are represented by closed squares. Permanent stations operated by NIED (open squares), JMA (circles) and ERI
(triangles) are also shown. Solid lines represent active faults (Research Group for Active Faults in Japan, 1991). Closed stars are the epicenters of the
1828 Sanjou earthquake (M6.9) and the 1847 Zenkouji earthquake (M7.4) according to Utsu (1999). The broken line is the Shibata-Koide line. The
thick gray line in the inset shows the concentrated deformation zone (NKTZ).

occurred in the seismic gap during the period from June
3, 2002 to April 30, 2005. Since the permanent stations
around the seismic gap are not always sufficient for this type
of analysis, we performed a dense temporary seismic obser-
vation with a spacing of 5-10 km beginning in November
25, 2004. We added waveform data obtained from the be-
ginning of this temporary observation until December 24,
2004. Although the temporary observation data might be
insufficient at present, it is necessary to produce the best re-
sults that we can as soon as possible because of the high
seismic risk in the seismic gap. It should be noted that
even if the temporary data are not sufficient, they are useful
for correcting earthquake locations during the period before
and after the temporary observations.

2. Geological and Tectonic Setting

The source region and the present studied area are
covered with thick sediments of Neogene and Quater-
nary, while the eastern side, Echigo Mountain Range, is
mainly composed of pre-Tertiary and igneous rocks of
Early Miocene (e.g., Yanagisawa et al., 1985, 1986). The
boundary between the source region and the Echigo Moun-
tain Range corresponds to the Shibata-Koide tectonic line
(Fig. 1), which was formed as a normal fault under the
opening of the Japan Sea during 20-15 Ma (e.g., Sato,

1994).

Hashimoto (1990) detected a high strain rates zone from
Niigata to the Kinki district on the basis of analyses of tri-
angulation data compiled over the past 100 years. The high
strain rates zone was clearly identified in the recent obser-
vation of dense GPS arrays done by the Geographical Sur-
vey Institute (Fig. 1) and named the Niigata-Kobe Tectonic
Zone (NKTZ) (Sagiya et al., 2000). The strain rate in the
NKTZ exceeds 10~ /year, which is 10 times higher than the
average in Japan. Within this zone, there are many active
faults, and a number of historically large earthquakes have
occurred there. The 2004 Mid-Niigata earthquake occurred
just inside the tectonic zone.

As mentioned above, there are two active faults in the
seismic gap between the source region of the 2004 earth-
quake and the 1847 Zenkouji earthquake, the Muikamachi
fault and the Tokamachi fault. The Muikamachi fault is a
reverse fault with a length of about 30 km dipping to the
northwest. The vertical slip rate of the fault is estimated to
be 0.8-2.0 mm/yr (e.g., Kim, 2001, 2004), which falls into
the category of the highest slip rates in Japan. It should be
noted that the southern part of the Muikamachi fault has not
yet ruptured due to the 2004 earthquake (Fig. 1). The Toka-
machi fault zone consists of western and eastern faults. The
western Tokamachi fault is a reverse fault with a length of
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Fig. 2. An example of waveforms recorded by temporal stations and surrounding three borehole stations.

about 33 km dipping to the northwest (Ikeda et al., 2002).
The vertical slip rate of the fault is estimated to be 1 mm/yr
(Neotectonics Research Group of the Niigata Shinano River
Region, 2002). The eastern Tokamachi fault is also a re-
verse fault, but it dips to the southeast. The fault length
is estimated to be about 19 km. The vertical slip rate of
the fault is estimated to be 0.2—1.4 mm/yr (Tanaka, 2000).
Thus, the Tokamachi fault also has the potential to cause
significant damage in the surrounding area.

3. Data

Figure 1 shows the distribution of permanent stations
in and around the present studied area operated by NIED
(National Research Institute for Earth Science and Disaster
Prevention), JMA (Japan Meteorological Agency) and ERI
(Earthquake Research Institute, University of Tokyo). Each
station is equipped with a set of three-component velocity
transducers having a natural frequency of 1 or 2 Hz. In

particular, seismometers deployed by NIED are installed
at the bottom of a borehole at a depth of several hundred
meters (Okada et al., 2004).

We have made temporary observations using a dense
seismic network from November 25, 2004, to the begin-
ning of the following year. In micro-earthquake observa-
tions, seismometers should be installed at hard rock sites
to record the high frequency components of waveforms and
reduce the site-specific response. As mentioned above, the
presently studied area is covered with thick sediments of
Neogene and Quaternary. However, this area is well known
as the landslide zone (Yanagisawa et al., 1985, 1986), and
there exist many landslide prevention dams that are gener-
ally fixed on hard bedrock. Therefore, we installed most of
the seismometers on top of the dams. We deployed 12 tem-
porary stations spaced about 5 to 10 km from each other
in a 20 x 20 km area (Fig. 1). The seismometers used in
the observations are three-component velocity transducers
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having a natural frequency of 2 Hz (L22-E, Mark Products
Inc.). Earthquakes were recorded on LS7000 data loggers
(DATAMARK Inc.) with GPS clocks at sample rates of 100
Hz in off-line continuous mode. We retrieved data on De-
cember 23-24, 2004 and confirmed that the data quality was
good. Figure 2 shows an example of waveforms recorded
by the temporal stations and surrounding borehole stations.
Except for those recorded at several stations (e.g., GSJO1,
GSJ05, GSJO7), the seismograms contain high-frequency
components of up to several tens of Hz and have small coda
wave amplitudes. Distinct converted/reflected phases can
be observed in the seismograms at many stations, suggest-
ing heterogeneous structures in the present studied area.
Based on the JMA hypocenter catalogue, we selected 128
earthquakes that occurred at the southern end of the source
region during the period from June 3, 2002 to April 30,
2005. We also included another 13 events that were newly
detected by setting up temporary stations in our data set.

4. Seismicity in the Seismic Gap

A relation between the surface traces of active faults and
earthquake locations is important in this study, so that pre-
cise absolute locations are required. In addition, we need
relative locations of micro-earthquakes to reveal fine-fault
structures. Figure 3 shows the procedure for the hypocen-
ter determination. As described later, since the strong lat-
eral variation of velocity exists in the studied area, we use
two different velocity structures for the calculation of travel
times. Most of the earthquakes analyzed in the present
study occurred before the temporary station data were avail-
able. Since the average distance between the permanent
stations is approximately 20 km (Fig. 1), the permanent
stations alone are not always sufficient to precisely locate
events shallower than 20 km. To obtain absolute locations
of these events as precisely as possible, we estimate the dif-
ference between the locations determined by both the per-
manent and temporary stations and those by only the per-
manent stations. The difference in hypocenters is consid-
ered in absolute locations. For the determination of rela-
tive earthquake locations, we apply the double-difference
earthquake location algorithm of Waldhauser and Ellsworth
(2000), which has been shown to produce sharp images of
fault structure (Prejean et al., 2002).
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Table 1. Velocity structure.

Northwestern side Southeastern side

Depth  P-wave velocity Depth  P-wave velocity
(km) (km/s) (km) (km/s)
0-1 2.5 0-2 4.5
1-5 345 2-18 6.0
5-18 6.0 18-33 6.7
18-33 6.7 33— 8.0
33— 8.0

4.1 Absolute locations

A refraction profile (Takeda et al., 2004), geology
(Yanagisawa et al., 1985), and the Bouguer gravity anomaly
(Geological Survey of Japan, AIST, 2004) suggest that
there is a strong structural boundary around the Shibata-
Koide line. Therefore we assumed two different one-
dimensional crustal velocity structures on the northwest-
ern and southeastern sides to determine the hypocenters of
micro-earthquakes. The boundary between these structures
coincides with the Shibata-Koide line and an earthquake
fault of the 1847 Zenkouji earthquake (Fig. 1). The P-wave
velocity model used in the present study is shown in Table 1,
where the northwestern side has a lower velocity than the
southeastern side at depths of less than 5 km. The S-wave
models are assumed by scaling the P-wave velocities by a
factor 1/+/3. The P- and S-wave arrival times were identi-
fied manually using the WIN system developed by Urabe
and Tsukada (1991). Using these two different velocity
models and arrival times, the hypocenters were determined
by a maximum-likelihood estimation algorithm (Hirata and
Matsu’ura, 1987).

We first determined all of the earthquake locations with-
out the arrival times at the temporary stations (step 1 in
Fig. 3). We next relocated the hypocenters by introducing
the station correction, which was obtained using the average
of the residuals at each station (step 2 in Fig. 3). The root-
mean-squares of the residuals decreased from 0.15 to 0.07 s
for the P-wave and 0.26 to 0.16 s for the S-wave. The spa-
tial errors are within 500 m in the horizontal direction and
1 km in depth.

We then compared the locations determined using the ar-
rival times at both the permanent and temporary stations
with those determined using only the permanent stations.
During the period of the temporary observation, 20 events
occurred in the seismic gap. Here we selected 16 events
that have five or more P-wave arrival times at the perma-
nent stations. Since these events are distributed at various
locations and depths (black circles in Fig. 4), we can esti-
mate an average shift of the hypocenters in the studied area.
The locations become shallower by about 2.6 km and move
to about 0.4 km north and 1.3 km west when we use the ar-
rival times at the temporary stations. Therefore we moved
all of the hypocenters determined in step 2 by the amount
of the offsets (step 3 in Fig. 3), which are considered as
absolute locations.

Earthquake locations are distributed at depths from 2 to
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Fig. 4. Hypocenters determined in this study before (gray dots) and after double-difference relocation (other symbols). Five clusters were detected.

Locations are shown in map view (left) and cross-section (right).

17 km (gray dots in Fig. 4), a depth range that is consis-
tent with those of the aftershocks of the 2004 Mid-Niigata
earthquake (Sakai et al., 2005). In contrast to the JMA cat-
alogue, the hypocenters clustered and moved to the north-
west at about 2—5 km. In particular, the locations show not
only NW dipping planes but also SE dipping ones, which
are not clearly identified in the JMA catalogue.
4.2 Relative locations

In order to reveal fine fault structures, we next applied the
double-difference earthquake location algorithm of Wald-
hauser and Ellsworth (2000) to the P- and S-wave arrival
time data (step 4 in Fig. 3). Each event is linked to their
neighbors through commonly observed phases, with the av-
erage distance between linked events being 5 km. The relo-
cated hypocenters present a sharp view of the seismicity and
reveal five discrete clusters (Fig. 4). First, we find a clus-
ter having a NW dipping plane at the bottom of the surface
trace of the Tokamachi fault (cluster A). The dip angle is
about 70° or greater. The depth range of the cluster is about
7—-11 km. The activity of the cluster is highest in the present
studied area. In this cluster, swarm-like activity occurred
on March 28, 2002 and continued for about one month, in
which the largest event was Mjyya4.1 (Japan Meteorologi-
cal Agency, 2002). Figure 5(a) is the magnitude-time plot of
this cluster, showing that the activity level seems to be grad-
ually decreasing before the mainshock of the 2004 Mid-
Niigata earthquake, but increases afterwards. A second
cluster is identified in the southern part of the Tokamachi
fault at a depth range of 7-10 km (cluster B). The cluster
is the swarm activity that occurred in July and August 2002
(Fig. 5(b)). A third cluster is located at the southern end
of the Muikamachi fault, whose depth range is about 2—8
km (cluster C). In this cluster, a moderate-sized earthquake
(MjymaS5.1) occurred on January 4, 2001. This was a reverse
faulting with a strike-slip component. Some of the activity
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Fig. 5. The magnitude-time plots for earthquakes occurring in the five

clusters defined in Fig. 4. Dotted lines correspond to the occurrence of
the 2004 Mid-Niigata prefecture earthquake.

in the cluster C might be the aftershocks of the event. A
fourth cluster has a SE dipping plane with an angle of about
40° (cluster D). The depth range is 4-9 km. It should be
noted that the cluster clearly became active after the occur-
rence of the 2004 event (Fig. 5(d)). The last cluster (clus-
ter E) exists at a depth of between 11 and 17 km, which
is clearly deeper than that of other clusters. The activity
in the cluster E is relatively low, but continuously appears
(Fig. 5(e)). The cluster seems to have a NW dipping plane
with a dip angle of about 30°.
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5. Stress Field in the Seismic Gap
5.1 Focal mechanism solutions

Focal mechanisms are ordinarily determined from P-
wave polarity data. In the case of small earthquakes, how-
ever, it is difficult to obtain a unique focal mechanism so-
lution, because the number of stations detecting events de-
creases and their azimuthal coverage becomes poor. One
approach to overcoming this problem is to use S/P am-
plitude ratios (Kisslinger, 1980; Julian and Foulger, 1996;
Hardebeck and Shearer, 2003) or absolute P and S ampli-
tudes (Slunga, 1981; Nakamura et al., 1999; Igarashi et al.,
2001).

In this study, we determined the focal mechanism solu-
tions using absolute P and SH amplitudes and P-wave po-
larity. The approach was used in Imanishi ez al. (2006) and
shown to be effective for micro-earthquakes. After correct-
ing the instrumental response, we determined the spectral
levels and corner frequencies of the spectra by fitting the
w?-model (Boatwright, 1978) with an attenuation correc-
tion. The spectral levels for lower frequencies were used
as observed amplitudes. Although the corner frequency and
the attenuation correction are highly dependent on one an-
other and are not well resolved from each other in the spec-
tral fitting, the spectral levels can be stably estimated (e.g.,
Imanishi et al., 2004). Theoretical amplitudes were calcu-
lated from the far-field solutions for a shear point-source
dislocation in a homogeneous infinite medium with correc-
tions of the incident angles at the surface and geometrical
spreading. The best-fit solution of each event was deter-
mined by minimizing the residual between the observed and
theoretical amplitudes, where a grid search approach is con-
ducted for strike, dip and slip angles with 5° intervals. Since
amplitudes are used, the seismic moment of each event can
also be determined.

The actual procedures of this analysis are as follows: We
first determined the tentative focal mechanism solutions and
seismic moments of 26 events where the number of P-wave
polarity data was 10 or greater. We then calculated the log-
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arithmic average of the ratios between the observed and
theoretical amplitudes of the 26 events, which was used
as the amplitude station correction at each station. Using
the amplitude station corrections, we redetermined the focal
mechanism solutions and seismic moments of the 26 events.
In the same way, we obtained the focal mechanisms and
seismic moments of events with at least five polarity data.
The stability of the solution was checked by plotting all fo-
cal mechanisms whose residual was less than 1.1 times the
minimum residual value. We omitted ambiguous solutions
where several solutions were possible. In total, we obtained
55 focal mechanisms. The moment magnitude (Hanks and
Kanamori, 1979) ranged from 1.0 to 2.7.

Figure 6 plots the P-wave amplitude station corrections
on the map view. A similar pattern is obtained for the S-
wave amplitude station corrections. The amplitude station
corrections generally depend on surface geology, where the
large amplitude corrections were obtained in the sedimen-
tary basin. Such a correlation between the site response
and surface geology is often reported (e.g., Hartzell et al.,
1996). Figure 7 shows the determined focal mechanism
solutions. For the clusters A and D, we show five repre-
sentative solutions for the sake of simplicity. Most of the
events are reverse faulting events whose strikes are similar
to those of the Muikamachi and Tokamachi faults. For the
clusters A, D and E, the dip angles of each cluster are well
consistent with those of the focal mechanisms, suggesting
clusters A and E are NW dipping reverse fault planes and
that cluster D is a SE dipping reverse fault plane. Earth-
quakes occurring at the southern part of the present studied
area (clusters B and C and two other events) contain some
strike-slip components.
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5.2 Stress inversion

Using the focal mechanism solutions determined above,
we calculated the directions of the seismogenic stress ten-
sor by applying the inversion method of Michael (1984).
The inversion solves for the orientation of the three prin-
cipal stress axes and the relative magnitude of the princi-
pal stresses defined by ¢ = (52 — S3)/(S1 — S3), where
S1, S2, and S5 are the maximum, intermediate, and mini-
mum compressive principal stresses, respectively. Since the
stress inversion assumes that all of the earthquakes included
in the inversion occur under a single-stress state, we divided
the entire data set into two subsets based on earthquake lo-
cations and focal mechanism solutions. The first includes
clusters A, D, and E, while the second is composed of clus-
ters B and C and two other events containing some strike-
slip component. The number of focal mechanisms for the
first and second subsets is 43 and 12, respectively.

One plane must be chosen from each focal mechanism as
the actual fault plane, since the inversion uses the direction
of the tangential traction on the fault plane. For the first
subset, it is rather easy to choose fault planes. Preferred
planes were selected so that they would align with a plane
imaged by the clusters (Fig. 4). However, since there is no
guarantee that all the events occur on the assumed planes,
the inversion was also run on the auxiliary planes, and we
estimated how the choice of plane affected the solution. In
contrast, it is difficult to select the preferred planes from
the alignment of the clusters for the second subset due to
the existence of various focal mechanism solutions. We
chose the preferred fault planes while inverting for the stress
tensor based on Michael’s (1987) grid search algorithm,
which is a rational approach in situations where the choice
of the fault planes cannot be made on the basis of relative
hypocentral locations or of geological information (Kastrup
et al., 2004). There are four variables in the grid search
algorithm: the trend and plunge of the S5 axis, a rotation
angle of the S, axis about the S3 axis, and ¢. The grid
search was performed using a 5° grid for all of the angular

variables and ¢ was searched in steps of 0.1.

The 95% confidence region was computed by the boot-
strap resampling technique for both the subset (Michael,
1987). We use 2000 bootstrap resamplings, which is ad-
equate to produce stable confidence regions up to the 95%
level (Michael, 1987). In order to include the effects of
mispicked fault planes on the confidence region, each nodal
plane has the same probability of being chosen during the
resampling.

The results of the stress inversion for two subsets are plot-
ted in Fig. 8(a). In all cases, the average misfit angles (8)
between the predicted tangential traction on the fault planes
and the observed slip direction on each plane are small, sug-
gesting a valid fit to the single stress tensor (Michael, 1991).
For the first subset, the values of ¢, the stress directions, and
the sizes of the 95% confidence regions are almost the same
between the inversions of the preferred and auxiliary planes.
Therefore, the conclusions of the stress tensor inversion for
the first subset do not depend on the choice of fault plane.
As seen in Fig. 8(a), the stress state in the second subset has
large 95% confidence limits because of the small number
of mechanisms available. In spite of this large 95% confi-
dence interval, the stress state in the first subset is statisti-
cally different from that in the second one. The stress states
in the first and second subset are characterized by a thrust
faulting and strike-slip faulting regime, respectively. The
determined azimuths of §; are WNW-ESE for both subsets
that conform to the general tectonic trend in this area (e.g.,
Tsukahara and Kobayashi, 1991). For the first subset, in
the case of the preferred planes, the azimuth and plunge of
S, are estimated to be N65° = 9°W and 16° &+ 9°, respec-
tively. Here the error bars represent the 95% confidence
limits. The azimuth of §; is almost perpendicular to the
strikes of the Muikamachi and Tokamachi faults (Fig. 8(b)).
5.3 Stress transferred to the southern end of the source

region

In order to evaluate the stress changes in the seismic
gap, we computed Coulomb failure stress (ACFS) due to
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Table 2. Input parameters in the calculation of Coulomb failure stress.

Strike Dip Rake Average slip  Length  Width Depth of the Released
(degree)  (degree)  (degree) (m) (km) (km) fault’s top (km)  moment (Nm)
Mainshock 215 60 90 1.20 25 10 5 9.0 x 10'8
Largest aftershock 215 60 90 0.89 15 10 7 4.0 x 10"
(b) cluster A cluster D cluster E
(a) pr 0.04
/4
1%/ Largest 7 H 0.03
o J17 s, /d
4 % T 002
. S Depth = 9 km Depth = 6 km Depth=14km | H 0.01 g
' . H 0.00 ¢
. /
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Fig. 9. Coulomb failure stresses caused by the mainshock (Mjpa6.8) and the largest aftershock (Mjma6.5) of the 2004 Mid-Niigata earthquake. (a)
The surface projections of the mainshock and the largest aftershock are shown by large and small shaded rectangles, respectively. (b) and (c) Map
views of Coulomb failure stresses resolved onto the plane of clusters A, D and E. The values within the red rectangle in (a) are shown. White circles

are the earthquake locations of each cluster.

the mainshock and the largest aftershock of the 2004 Mid-
Niigata earthquake. Calculations were made in an elastic
half-space following Okada (1992) by assuming a shear
modulus of 30 GPa and a Poisson ratio of 0.25. The in-
put parameters in the ACFS calculation were determined by
finite-fault models (Yamanaka, 2004) and aftershock distri-
butions (Sakai et al., 2005), which are listed in Table 2 and
drawn in Fig. 9(a). The apparent friction coefficient, which
includes the influences of both mechanical friction and pore
fluid pressure, was assumed to be 0.4.

We calculated ACFS resolved onto the planes inferred
from the alignments of the clusters A (strike 215°, dip 70°,
rake 90°), D (strike 35°, dip 40°, rake 90°), and E (strike
215°, dip 30°, rake 90°) at the depth where each cluster
mainly occurred (Fig. 9(b)). As mentioned previously, it
is difficult to demonstrate that all the events in each clus-
ter occur on the plane parallel to the dipping angles of the
cluster. Therefore, we also calculated ACFS resolved onto
the planes perpendicular to the alignments of the clusters,
where the receiver faults are as follows: A (strike 35°, dip
20°, rake 90°), D (strike 215°, dip 50°, rake 90°), and E
(strike 35°, dip 60°, rake 90°) (Fig. 9(c)). Regardless of
the assumed receiver faults, the clusters A and D occurred
in positive ACFS regions with a value of about 0.01 MPa
or greater, which is likely to be large enough to trigger a
seismicity (Reasenberg and Simpson, 1992). This is con-
sistent with the observational evidence that these clusters
became active following the 2004 event (Figs. 5(a) and (d)).
For cluster E, the ACFS depends on the assumed receiver
faults. For the receiver fault perpendicular to the alignments
of cluster E, the ACFS becomes negative, which is consis-

tent with the observational evidence that prominent activity
after the mainshock has not been observed in cluster E (Fig.
5(e)). In contrast, the ACFS at cluster E becomes positive
with a value of about 0.01 MPa or greater for the receiver
fault inferred from the alignment of the cluster. If so, for a
better understanding of the seismic risk in the region, it is
important to investigate why the activities of cluster E were
not triggered, although the increments of the ACFS in clus-
ter E are almost same as those in clusters A and D. Since the
present data alone cannot reveal it, further study is required
in the future.

Unlike in clusters A, D and E, it is difficult to assume
a receiver fault for clusters B and C due to the existence of
various focal mechanism solutions (Fig. 7). In order to eval-
uate the stress changes for clusters B and C, we calculated
ACFS on the nodal planes of nine focal mechanism solu-
tions that were determined in this study (Fig. 7). We con-
sider that these focal mechanism solutions are typical for
earthquakes that can be generated at clusters B and C. We
found that four out of 18 nodal planes had ACFS > 0.01
MPa, and that the maximum value was only 0.015 MPa.
This result agrees with the observational evidence that clus-
ters B and C were not activated after the occurrence of the
2004 event (Figs. 5(b) and (c)).

6. Discussion

It is important to explore the fault geometries of active
faults at depths to understand the generation process of
inland earthquakes and to predict the strong ground motion
associated with a scenario earthquake. The northern part
of the Muikamachi fault is contained in the source region
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of the 2004 Mid-Niigata earthquake (Fig. 1). According
to the precise aftershock locations (Sakai et al., 2005), the
mainshock has a NW dipping plane in a depth range of 3—
14 km. The fault plane reduces its dip angle at depths of
less than 5 km, and its extension to the surface seems to
intersect at the surface trace of the Muikamachi fault. Such
fault geometry in the depths is supported by a balanced
section constructed from geological structures (Okamura
and Yanagisawa, 2005; Sato and Kato, 2005).

Here we discuss the relationship between the deep and
shallow fault structures of the southern part of the Muika-
machi and Tokamachi faults based on precise earthquake
locations and the surface trace of those active faults. Since
it is difficult to estimate the unique solution of their geome-
tries from our own data, we can only show a few possibil-
ities. Focal mechanisms and earthquake locations suggest
that clusters A, D, and E are candidates for deep structures
of the southern part of the Muikamachi fault. If cluster A
is relevant to the deep structure of the Muikamachi fault,
the geometry of the fault should decrease its dip angle at
shallow depths as shown by a dotted curve in Fig. 10, a
geometry that is similar to the geometry of the mainshock
fault plane. As expected from the alignment of cluster E,
the fault geometry, as shown by a solid curve in Fig. 10 is
also a candidate of the deep structure of the southern part
of the Muikamachi fault. In this case, the fault dip should
gradually decrease with increasing depth. There exists an-
other possible fault geometry, as shown by the bold gray
line in Fig. 10, which intersects with both clusters A and
D. In this case, the macroscopic fault plane is not parallel
to the alignments of clusters A and D. However, since the
width of these clusters is short (no more than 4 km), those
alignments are not always parallel to the macroscopic fault
plane. In contrast with the source region, the present stud-
ied area has simple anticline structures (Yanagisawa et al.,
1985). A balanced section constructed from the geological
structures suggests that the fault geometry should be simple
(Okamura and Yanagisawa, 2005; Sato and Kato, 2005).
Therefore, the first possibility seems to be discounted, and
we prefer the latter two cases as the deep fault geometry
of the southern part of the Muikamachi fault. It should
be noted that our preferred fault geometries of the southern
part of the Muikamachi fault differ from that of the main-
shock. According to Kim (2001, 2004), the vertical slip rate
of the fault is different between the northern area (0.8—1.0
mm/yr) and the southern area (2.0 mm/yr). It is likely that
the Muikamachi fault is divided into two segments whose
boundary corresponds to the southern end of the source re-
gion of the 2004 Mid-Niigata earthquake (Fig. 8(b)), and
that the ruptured area by the mainshock was terminated due
to the fault segment boundary.

The extension of the alignment of cluster D intersects at
the surface trace of the Tokamachi fault (Fig. 4(b)), sug-
gesting the possibility that the deep structure of the east-
ern Tokamachi fault corresponds to cluster D. If this is the
case, the eastern Tokamachi fault has a SE dipping plane
with an angle of about 40° in the depths as shown by a gray
dotted curve in Fig. 10. However, the short width of the
cluster makes it difficult to definitively demonstrate the ge-
ometry. Since the western as well as the eastern Tokamachi
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Fig. 10. An interpretation of fault structures in the seismic gap along X-Y
shown in Fig. 8(b).

faults have the potential to cause significant damage in the
surrounding area, further work is needed to elucidate their
deep fault structures.

The angle between the fault plane and the maximum prin-
cipal stress is important in the investigation of the stress
state along the fault. For the two preferred fault geometries
of the southern part of the Muikamachi fault, the angles be-
tween the S; and the fault planes are about 15° (Fig. 10).
The angle implies that the shear stress resolving along the
preferred fault planes is large. In addition, the Coulomb
failure stresses induced by the mainshock and the largest
aftershock of the 2004 Mid-Niigata earthquake are positive
on the preferred fault plane deduced from the alignment
of cluster E (Fig. 9(b)). As expected, the Coulomb fail-
ure stresses also become positive on another preferred fault
plane. This evidence suggests that the seismic risk in the
seismic gap is high.

There are active faults trending in the WNW-ESE direc-
tion between the Tokamachi fault and the western marginal
fault zone of Nagano basin (Fig. 1). Most of these faults
are reverse faults dipping to the south (Research Group for
Active Faults in Japan, 1991). The region is also considered
to be the seismic gap between the 2004 Mid-Niigata earth-
quake and the 1847 Zenkoji earthquake, so that the seis-
mic risk in the region should be investigated. As seen in
Fig. 8(b), the azimuth of §; estimated in the studied area
is almost parallel to the trend of these active faults. If the
azimuth of S; does not significantly vary, it is supposed that
these faults could not easily slip in the present stress state.
However, since the stress field can be spatially heteroge-
neous with a length scale of tens of kilometers or less (Hard-
ebeck and Hauksson, 2001), it is not appropriate to apply
the estimated stress field even in the adjacent regions. We
established a dense temporary seismic observation with a
spacing of 5—-10 km on July 2005 in the above region as well
as around the western marginal fault zone of the Nagano
basin. By analyzing the new data collected by the seismic
observation, we may gain a much better understanding of
the seismic risk in the seismic gap.
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7. Conclusion

The seismicity, fault structures, and stress field in the
seismic gap adjacent to the source region of the 2004 Mid-
Niigata earthquake have been investigated based on precise
earthquake locations and focal mechanism solutions. We
detected five discrete clusters including a conjugate plane.
Such a complex fault structure has also been found in the
source region of the 2004 Mid-Niigata earthquake (Sakai
et al., 2005), suggesting that this is a common feature in
this region. Focal mechanism solutions suggest that most
of the events are reverse faulting events whose strikes are
similar to those of the Muikamachi and Tokamachi faults,
while earthquakes occurring at the southern part of the
present studied area contain some strike-slip components.
A stress tensor inversion shows that the stress state slightly
changes at the southern end of the Muikamachi and Toka-
machi faults from the thrust faulting to the strike-slip fault-
ing regime.

We have shown two possibilities for the deep fault geom-
etry of the southern part of the Muikamachi faults. Compar-
ing with the fault geometry of the mainshock, the Muika-
machi fault might be divided into two segments whose
boundary corresponds to the southern end of the source re-
gion. It is likely that the area ruptured by the mainshock
was terminated due to the fault segment boundary. The
angle between the maximum principal stress and the pre-
ferred fault planes implies that the shear stress resolving
along the planes are large. Furthermore, the Coulomb fail-
ure stresses induced by the mainshock and the largest after-
shock increase along the preferred fault planes of the south-
ern part of the Muikamachi faults. This evidence suggest a
high seismic risk in the seismic gap.
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