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DEEP SUBSURFACE STRUCTURE ESTIMATED BY
MICROTREMORS ARRAY OBSERVATIONS AND
GRAVITY SURVEYS IN KASHIWAZAKI AREA, JAPAN
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Yuto Suzukr®, DAISUKE TAKABATAKE®™ and MASATO JOSHIMA®Y

ABSTRACT

Kashiwazaki City and Kariwa Village, located in the north central part of Japan, were the major areas damaged dur-
ing the 2007 Niigataken Chuetsu-oki Earthquake (M, 6.6). Ground motion records for the area indicate the effects of a
deep subsurface structure. Microtremor array observations were performed at three sites and gravity surveys at 120
sites in the Kashiwazaki area. The gravity basement estimated from the gravity surveys exists at a depth of about 1000
m around Kariwa Village Hall, and becomes shallow in the southwestern direction around Kashiwazaki City Hall. The
gravity basement is compared with the results estimated by the microtremor array observations and validated at two
sites, namely, KST and KVH (Kariwa Village Hall). The peak period of the calculated response spectra at Kashiwazaki
Village Hall corresponds to the peak period of the observed H/V spectra during the main shock.

Key words: (2007 Niigataken Chuetsu-oki Earthquake), earthquake, geophysical exploration, (gravity survey),

microtremor, seismic response (IGC: C2)

INTRODUCTION

The 2007 Niigataken Chuetsu-oki Earthquake (M, 6.6)
struck the north central part of Japan on July 16, 2007,
its epicenter being located offshore of the Chuetsu region
in Niigata Prefecture. In this earthquake, 14 people were
killed and more than 1000 buildings were reported to
have been destroyed or severely damaged (Cabinet Office,
2007). Most of the damage was concentrated in the
Kashiwazaki area, which includes Kashiwazaki City and
Kariwa Village. Several records of strong ground motion
records during the main shock, e.g., K-NET records pro-
vided by the National Research Institute for FEarth
Science and Disaster Prevention (NIED), are available
for this area. Longer peak periods and the larger peaks of
pseudo velocity response spectra (pSv) were observed in
the plain region of the Kashiwazaki area (Fig. 1). Several
reports (e.g., Irikura et al., 2007; Koketsu et al., 2007;

iy

ii)

iii)

iv)

v)

vi)

Geo-Analysis Institute, Japan.
Geo-Research Institute, Japan.

vii)
viif)
ix)
x)
xi)

xii)

Advanced Industrial Science and Technology, Japan.

Yoshida et al., 2007) explain the reason for these peaks
with combinations of the effects generated by the multi- _
asperity source process, the subsurface structure, and
liquefaction.

In particular, a peak period of 2.6 seconds and a peak
value of 616 cm/s for the pseudo velocity response spec-
tra were obtained from the ground motion records at
Kariwa Village Hall. From a comparison with the H/V
spectrum, which is a Fourier spectrum of the horizontal
motion normalized by the vertical motion, for the main
shock and the aftershock records, the peak period during
the main shock was seen to last longer than that during
the aftershock, as shown in Fig. 2. The dominant period
of the dynamic response for the subsurface structure
shifted to a longer period because the H/V spectra em-
phasized a horizontal dynamic response by eliminating
the source and the pass effects from the observed spectra.
These effects imply the nonlinear behavior of the soil.
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Fig. 1. The hypocenter of the 2007 Niigataken Chuetsu-oki earthquake [%] and the hypocenter of the aftershocks on July 16-17 [ O] are plotted on
this map of the Kashiwazaki area. The larger peak values (size of the squares) and the longer peak periods (brightness of the squares) of the
pseudo velocity response spectra (pSv, damping factor 5%) calculated from the strong ground motion records during the main shock are
obtained in the plain area of Kashiwazaki area

" However, the nonlinear effects alone do not explain the

| — LGV KRWM Mainshock reason for such large pSv values. It is necessary to discuss
10 proeee Aftershock (15:37 Mj=5.8) not only the nonlinear effects, but also the effects of the
deep subsurface structure which lies below the
engineering basement.

In addition, during the 2004 Niigataken Chuetsu
Earthquake, a strong ground motion observed at K-NET
e site NIGO018 of NIED, which is located in downtown
Kashiwazaki City, contained a peak period of the H/V
spectra of about 1.9 seconds and a longer duration than
the peak periods at the other sites located 40 km from the
epicenter. The phases may consist of a basin-edge-
induced surface wave which depends on the arrival direc-
tion of the seismic wave. This is because such a long dura-
tion was not observed at the other sites or during the 2007
Niigataken Chuetsu-oki Earthquake and its aftershocks.

' ' ' ‘ The characteristics of the records imply the effects of the
0.1 05 1 2 5 .
Period [s] deep subsurface structure. Information on the deep sub-
surface structure in the Kashiwazaki area is important to
Fig. 2. The spectrum ratios of the horizontal component over the ver-  the investigation of the amplification of the strong

tical component are compared between the main shock and the ground motions brought about by the deep subsurface
aftershock (M;=5.8) at Kariwa Village Hall structure.

H/V spectrum
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We performed microtremor array observations and
gravity surveys around the Kashiwazaki area in order to
model both the velocity structures and the gravity base-
ment. In this paper, we make independent estimations of
the models for the ground structure from the
microtremor array observations and from the gravity sur-
veys. To verify the obtained models, we compare them in
a kind of blind test.

MICROTREMOR ARRAY OBSERVATIONS

Microtremors have been observed at three sites in the
Kashiwazaki area, through observations performed on
August 12-13, 2007, in order to investigate 1-D velocity
structures. Figure 3 shows the locations of the observa-
tion sites, namely, KCH, KST and KVH, and a detailed
layout of each array. KCH (138°34’E, 37°22’N) is set
around the Kashiwazaki City Hall, where a seismic inten-
sity of 6+ on the JMA seismic intensity scale (almost
equivalent to a seismic intensity of 10 on the Modified
Mercalli Intensity Scale) was observed. Another seis-
mometer, belonging to NIED and named K-NET
NIGO18, located near Kashiwazaki City Hall, also ob-
served the waveform of a strong ground motion of about
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PGV=100cm/s. KVH (138°37'E, 37°25'N) is set
around Kariwa Village Hall, where a secismic intensity of
6+ was observed. KST (138°35’E, 37°23’N) is set be-
tween the KCH and KVH sites, where a deep geological
layer structure was estimated from the deep borehole
data (Kobayashi et al., 1995).

Each microtremor observation site included two arrays
with different radii. Hereafter, we call these arrays
S-array and L-array. Both arrays consist of seven seismo-
graphs. Three of the seismographs formed equilateral
triangles, and one is set on the centroid. The other three
seismographs are set on the middle points of each edge.
The maximum radii of the equilateral triangles are 200 m
for the S-array and 800 m for the L-array.

Three-component velocity-type seismographs with a
natural period of seven seconds were used. We have made
simultaneous observations for 60 minutes at seven sites
for each size of array. The microtremors were recorded
by digital recorders with a resolution of 16 bits. The
records were synchronized with the slow code generated
by Global Positioning System (GPS) clocks. A sampling
rate of 100 Hz and a low-pass filter of 3 Hz were adopted.

We estimated the phase velocities for the fundamental
mode of the Rayleigh waves from the vertical compo-
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(a) Locations of the microtremor array observations
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Fig. 3. The microtremor array observation sites are plotted in the Kashiwazaki area. The circles represent the circumscribed circles of the L-array
(radius 800 m). The KVH array contains the Kariwa Village Hall, and the KCH array contains Kashiwazaki City Hall. KST is located between
KVH and KCH. The figures on the right show detailed layouts of the S-array and the L-array for each site
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Fig. 4. The microtremor array observation results for the three sites, KCH (left), KST (middle), and KVH (right), are displayed. The estimated
phase velocities from the microtremor array observations and the calculated fundamental modes of dispersion curves of the Rayleigh waves are
plotted across the top row. The model parameters, S-wave velocity V;, P-wave velocity V,, density p and the top depth of the layer, are listed at
the bottom of each figure. At the KCH site, the shallower portion (<20 m) of the model parameters indicated by ‘‘+’’ was constrained by the

well-logging data

nents at three sites by using the SPAC (Spatial Auto-Cor-
relation) method (Aki, 1957). The estimated frequency
ranges for the phase velocities were about 0.7-1.7 Hz for
the S-array and 0.3-0.8 Hz for the L-array. The 1-D
structure models down to a depth of about 2 km were es-
timated by fitting of the observed and the theoretical
phase velocities through a nonlinear inversion using a
genetic algorithm (GA) (Cho et al., 1999). At the KCH
site, a shallow portion (shallower than 20 m at the K-NET
stations) of the underground structure model was con-
strained by the well-logging data. We referred to the geo-
logical structural model estimated by JNES, Japan
Nuclear Energy Safety Organization, (2005), in order to
set the depth of the basement (V;: 2.4-2.5 km/s) beyond 2
km. JNES (2005) also provided information on the S-
wave velocities (V;; 1.4 km/s, 1.7 km/s, and 2.0 km/s) at
each layer corresponding to the geological structure. By
referring to the S-wave velocities, we estimated the thick-
ness of each layer using GA. In one estimation using GA,
5000 generations were simulated. We selected one of the
results, namely, the one which had the smallest residuals
in five estimations. The P-wave velocity and the density
were assumed as a function of the S-wave velocity by us-
ing the relationship of Ludwig et al. (1970).

Figure 4 shows the comparisons of the estimated phase
velocities and the dispersion curves calculated from the
modelled 1-D structures listed at the bottom of each
panel. The estimated phase velocities are distributed be-
tween 0.4-1.8 km/s for 0.3-1.7 Hz with a normal disper-
sion. The shape of the dispersion curve for KST is similar
to that for KVH, while the phase velocities in the fre-
quency range of 0.3-1.0 Hz for KCH are faster than

those for both KST and KVH. As expected from the char-
acteristics of the phase velocities, the top depth for the
1000 m/s S-wave velocity layer of the KCH model is shal-
lower than that of the KVH model. The KST model has
no 1000 m/s layers; however, the top depth for the 920
m/s layer is almost the same as the depth of the layer for
the KVH model.

GRAVITY SURVEY

The area for the gravity observations was located
37°11'N to 37°34’N and 138°28’E to 138°42'E: 45X 26
km of NS-EW. The observation sites were set at 2 km
intervals, but in some cases when the gravity anomaly
changed rapidly, further observation sites were set at 1
km intervals. We spent five days for the observations,
from July 28 to August 1, 2007, and obtained the values
of gravity at 120 sites.

We used an Automated Burris Gravity Meter (Serial
No.: B026) made by the ZLS Corp. and a CG-3M Auto-
mated Gravity Meter (Serial No.: 408258) made by Scin-
trex Ltd. The positions of the observation sites were de-
termined by a differential survey by GPS. Errors in the
positions were less than 1 m in the horizontal and vertical
directions.

To ensure the stability of the analysis, we introduced
the gravity data obtained by the Geological Survey of
Japan (2004), Takahashi et al. (2006), and Okamura et
al. (1994). We calculated the Bouguer anomaly using the
gravity data from 746 sites in the area under considera-
tion whose locations are indicated by circles (O and @) in
Fig. 5. The open circles (O) indicate the 120 sites where

NI | -El ectronic Library Service



The Japanese Geot echni cal

Soci ety

DEEP STRUCTURE IN KASHIWAZAKI 655

138°40'

138°30'

37°30'

37°20'

138°30' 138°40'

-10 0 10 20 30
Gravity (mGal)

-20

139°00'

138°50'

37°30"

37°20'

A SRR SRR

138°50' 139°00'
km
40 ———— p—

0 5 10

Fig. 5. The Bouguer anomaly distribution obtained from the gravity surveys is presented. The assumed density is 2.40 t/m°, and the contour
interval is 2 mGal. The open circles (O) indicate the observation sites of the gravity anomaly in this survey, and the dark circles (®) indicate the

other gravity anomaly data

the gravity anomaly was observed in this survey, and the
dark circles (@) indicate the locations of the other gravity
anomalies that are available. On the basis of some estab-
lished methods (Rikitake et al., 1965; Nettleton, 1976),
the density of the basement was determined as 2.40 t/m3,
which corresponds to the density of the Teradomari for-
mation shown in Furumura et al. (2005). After correc-
tions were made to the height and the drift of the instru-
ment, the tide, the free-air, the Bouguer and the terrain,
the Bouguer anomaly map was obtained as shown in Fig.
5.

Applying an upward-continuation filter with a band-
pass of 50-6000 m to the Bouguer anomaly, we estimated
the 3-D gravity basement under the assumption that the
ground consists of two layers and that the sediment is
homogeneous with a density of 2.00 t/m?, which is the
average density of the sediment above the Teradomari
formation.

To obtain a realistic model of the gravity basement, we
considered removing the contribution for the Bouguer
anomaly from the upper mantle and constraining the
depth to the bedrock. For the former, a band-pass filter
was applied to the Bouguer anomaly. For the latter, we
gave some control points, that is, one site from the array
observations of the microtremors (Yamanaka et al.,
2006), 19 sites from the deep boreholes which reach the

bedrock (Japan National Oil Corp., 1970, 1997, 1999;
Kobayashi et al., 1986, 1989, 1991, 1995; Yanagisawa et
al., 1986), one site from P- and S-wave reflection experi-
ment (Furumura et al., 2005), and four sites from the
mountainous area where the bedrock appeared on the
surface (Kobayashi et al., 1986, 1991). The upper bound-
ary of the Teradomari formation was used as the con-
straint of the gravity basement at the control points,
which are indicated by triangles in Fig. 6. The 3-D shape
of the gravity basement, which was calculated using the
method proposed by Komazawa (1995), is shown in Fig.
6. To show the sensitivity of the density contrast between
the sediment and the basement, we present some different
densities for the sediment. As a result, the depth to the
basement varies by 10% at the maximum in the case of a
10% variation in sediment density.

DISCUSSION

Both the microtremor observations and the gravity sur-
veys are focused on deep subsurface structures. A com-
parison of these estimated structures is useful when dis-
cussing the wvalidity because the models were
independently constructed.

Firstly, we compare the profile of the 1-D models with
the depth to the gravity basement. Figure 7 shows the
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Fig. 6. The depth of the gravity basement estimated from the Bouguer anomaly is given along with some information at the control points

indicated by triangles (A). The density of the sediment is set to be 2.0 t/m?, and the contour interval is 200 m. The open squares ( 0) indicate the

array observation sites of the microtremors shown in Fig. 3
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Fig. 7. A comparison of the gravity basement and the 1-D profile obtained from the array observation of the microtremeors on the line from (138°
33'E, 37°22’N) to (138°38'E, 37°26’N) is shown. It is seen that the gravity basement corresponds to the trend of the upper boundary of the

layer with an S-wave velocity of 1700 m/s

cross section of the gravity basement along the line from
(138°33'E, 37°22’N) to (138°38’E, 37°26’N), where the
line passes close to the points of the center of the L-array
at KVH and KCH. In the south-western part, between
KCH and KST, it is found that the depth to the gravity
basement becomes shallow and its shape is very steep. On
the other hand, the gravity basement in the north-eastern
part between KST and KVH is deep with a moderate
slope. We can say roughly that the macroscopic 3-D

shape of the gravity basement is consistent with the 1-D
models obtained from the microtremor array observa-
tions. From Fig. 7, it is observed that the top depth of the
layer with an S-wave velocity of 1400 m/s is close to the
depth of the gravity basement at site KVH. There is,
however, no layer with a velocity of 1400 m/s at the KST
site. The top depth of the layer with a velocity of 1700
m/s is chosen for the gravity basement, because the layer
with a velocity of 1700 m/s commonly appears at all three
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An alternative shape for the gravity basement is given which satisfies the observed Bouguer anomaly data indicated by cross marks (X) in

the right panel. In the left panel, the original and the modified shapes of the gravity basement are shown by dot-dashed and solid lines, respec-
tively. The solid line of the right panel denotes the Bouguer anomaly calculated analytically. From this figure, the depth of the gravity basement

can be more than 100 m around the KCH site

array sites. There are different opinions about the S-wave
velocity for the Teradomari formation such as 1400 m/s
(Suzuki et al., 2005), 2200 m/s (Furumura et al., 2005),
and so on. From this, 1700 m/s seems to be an
appropriate value for the Teradomari formation.

The depth to the gravity basement for KCH is much
shallower than that shown in the microtremor results.
The depth cannot be explained even if a considerably low
density is adopted. From this, we have to say that the
model from the gravity surveys does not agree with the
model from microtremor array observations at KCH. It
is considered that this discrepancy appears for several
reasons. One is the lower resolution at the observation
sites of gravity on the steeply sloping area. To confirm
this first reason, we carry out a simple numerical experi-
ment.

Figure 8 shows an example of an alternative shape for
the gravity basement obtained from the 2-D analysis. The
basement is the deepest case which satisfies the Bouguer
anomaly. In the left panel of this figure, dot-dashed and
solid lines indicate the original and the modified shape of
the gravity basement, respectively. We set a step-like
structure around the KCH site. The right panel shows the
Bouguer anomaly calculated analytically from the modi-
fied one. It is recognized that the calculated Bouguer
anomaly satisfies the observed data indicated by the cross
signs.

The resolution of the gravity data may explain a part of
the discrepancy at KCH, but it is not sufficient. Thus, we
have to consider the other reasons for the discrepancy.
One is the effect of the sea water which has very low den-
sity. For this purpose, a new technique should be
developed to estimate the ground model consisting of me-
dia with three different densities. However, this kind of
work is beyond the scope of this study. Thus, it will be
left for future research. We wanted to highlight the im-
portance of the dense observations around the steep
structure and the possibility of the effect of sea water.

Another reason for the discrepancy is that the SPAC
method assumes a horizontal layered structure beneath

[ KVH Response spectra

10 F LGV KRWM Mainshock
---------- Aftershock (15:37 Mj=5.8)

10

H/V spectrum (dashed line)
Site amplification factor (solid line)

2 5

0.1 0.5

1
Period [s]

Fig. 9. The response spectra calculated from the estimated structure
of KVH by assuming the SH wave field is presented. The spectrum
ratios of the horizontal component over the vertical component for
the main shock and the aftershock (M;=5.8) at Kariwa Village Hall
overlap. The peak period of the response spectra corresponds to the
peaks of the H/V ration for the main shock

the observation sites of the microtremor arrays. As
shown in Fig. 8, the gravity basement is not horizontal.
Kudo et al. (2004) explained that the estimated structure
models are affected by the 3-D shape of the basement.
Uebayashi et al. (2009) noted that the depth of the base-
ment estimated from the microtremor arrays became
deeper than that in the borehole P-S logging data in the
region with the inclined basement on the Osaka plane.
They summarized that body waves and a higher mode of
Rayleigh waves generated by the 3-D shapes of the base-
ment are included in the microtremor observations, and
that they apparently decrease the estimated phase veloc-
ity. For KCH, a deeper structure is estimated from the
microtremor array observations than from the gravity
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basement. We just mention that the discrepancy may be
caused by the 3D shapes of the basement.

At Kariwa Village Hall, a response spectra of the deep
subsurface structure was calculated by the estimated
structure of KVH by assuming an SH wave field. The
waves were vertically input to the boundary between the
fourth and fifth layers at a depth of 1355 m, and the
damping coefficient was zero. The peak period of the
H/V spectrum for the observed ground motion during
the main shock clearly corresponds to the peaks of the
amplification spectra, as shown in Fig. 9. Although we
mentioned that the peak periods of the H/V spectrum
during the main shock may contain the nonlinear effect,
the amplification around the peak period does not come
from only the nonlinear effect, but also is emphasized by
the effects of the deep subsurface structure. Therefore,
the nonlinear effects and the deep structure effects might
have overlapped and have caused the large pSv peak of
the strong ground motion at Kariwa Village Hall.

CONCLUSIONS

We performed microtremor array observations and
gravity surveys in the Kashiwazaki area in order to identi-
fy the deep subsurface structure. The gravity basement
estimated from the gravity surveys forms a deep structure
around KVH and KST sites at a depth of about 1000 m,
and becomes shallow in the south-western direction
around the KCH site. The estimated models from both
surveys are valid around the KST and KVH sites. The cal-
culated response spectra at the KVH site correspond to
the observed H/V spectra during the main shock. It is
considered that the deep structure amplified the strong
ground motion at Kariwa Village Hall, and might have
caused the large peak values of pSv there.

ACKNOWLEDGEMENTS

We offer our thanks to many organizations for their
contributions to the strong ground motion observations,
namely, K-NET, KiK-net, and F-net provided by NIED,
the Japan Meteorological Agency, Tokyo Electric Power
Company, East Nippon Expressway Company, and the
Kashiwazaki City Gas and Waterworks Department. We
appreciate Mr. Junpei Akamatsu’s support for the
gravity surveys. We also appreciate the information pro-
vided by and the discussions held with many researchers,
and also the kind cooperation of Kashiwazaki City and
Kariwa Village. This work has been supported in part by
the Ministry of Education, Culture, Sports, Science and
Technology.

REFERENCES

1) Aki, K. (1957): Space and time spectra of stationary stochastic
waves, with special reference to microtremors, Bull. Earthquake
Res. Inst. Tokyo Univ., 35, 415-456.

2) Cabinet Office, 28th announcement of the 2007 Niigataken Chuet-
su-oki Earthquake, http://www.bousai.go.jp, 2007 (in Japanese).

3) Cho, I., Nakanishi, L., Ling, S. and Okada, H. (1999): Application
of forking genetic algorithm fGA to an exploration method using
microtremors, Butsuri-Tansa; Geophysical Exploration, 52(3),
227-246 (in Japanese).

4) Furumura, T., Miyake, H., Koketsu, K., Suda, S. and Kawasaki,
S. (2005): Structural model near Ojiya City derived from P and S
wave reflection experiment, Programme and Abstracts SSJ 2005
Fall Meeting, 251 (in Japanese).

5) Geological Survey of Japan (2004): Gravity CD-ROM of Japan,
ver. 2, Advanced Industrial Science and Technology (in Japanese).

6) Irikura, K., Kagawa, T., Miyakoshi, K. and Kurahashi, S. (2007):
Rupture process and strong ground motions of the 2007 Niigataken
Chuetsu-Oki  earthquake -—Directivity pulses striking the
Kashiwazaki-Kariwa Nuclear Power Plant—, Proceedings and Ab-
stracts of 2007 SCEC Annual Meeting, 125.

7) Japan National Oil Corp. (1970): The Report of Borehole Mahito
(in Japanese).

8) Japan National Oil Corp. (1997): The Report of Borehole Oguni (in
Japanese).

9) Japan National Oil Corp. (1999):
Higashiyama (in Japanese).

10) JNES (2005): Report for development of seismic probabilistic safe-
ty assessment, http://wwwd.jnes.go.jp/katsudou/seika/2004/
kaiseki/05-048.pdf (in Japanese).

11) Kobayashi, I., Tateishi, M. and Uemura, T. (1986): Geology of the
Izumozaki district, Geological Survey of Japan (in Japanese).

12) Kobayashi, I., Tateishi, M., Kurokawa, K., Yoshimura, T. and
Kato, H. (1989): Geology of the Okanomachi district, Geological
Survey of Japan (in Japanese).

13) Kobayashi, 1., Tateishi, M., Yoshioka, T. and Shimazu, M. (1991):
Geology of the Nagaoka district, Geological Survey of Japan (in
Japanese).

14) Kobayashi, I., Tateishi, M., Yoshimura, N., Ueda, T. and Kato, H.
(1995): Geology of the Kashiwazaki, Geological Survey of Japan
(in Japanese).

15) Koketsu, K. (2007): Strong Motion Seismology Group, Source
process and strong ground motion of the 2007 Chuetsu-oki earth-
quake, Programme and Abstracts of SSJ 2007 Fall Meeting, 4 (in
Japanese).

16) Komazawa, M. (1995): Gravimetric analysis of Aso volcano and its
interpretation, J. Geod. Soc. Japan, 41, 17-45.

17) Kudo, K., Sawada, Y. and Horike, M. (2004): Current studies in
Japan on H/V and phase velocity dispersion of microtremors for
site characterization, Proc. 13th WCEE, (1144).

18) Ludwig, W. J., Nafe, J. E. and Drake, C. L. (1970): Seismic refrac-
tion, The Sea, (edited by Maxwell, A.), 4, 53-84, Wiley Inter-
Science, New York.

19) Nettleon, L. L. (1976): Gravity and Magnetics in Oil Prospecting,
McGraw-Hill, New York, 452.

20) Okamura, Y., Takeuchi, K., Joshima, M. and Sato, M. (1994):
Sedimantological map north of Sado Island, Geological Survey of
Japan.

21) Rikitake, T., Tajima, H., Izutsuya, S., Hagiwara, Y., Kawada, K.
and Sasai, Y. (1965): Gravimetric and geomagnetic studies of
Onikobe area, Bull. Earthqu. Res. Inst., 43, 241-267.

22) Suzuki, H., Morino, M., Iwamoto, K., Liu, Y., Fujiwara, H. and

Hayakawa, Y. (2005): Modeling subsurface structure for seismic

Hazard Map in Niigata Plain, Programme and Abstracts SSJ 2005

Fall Meeting, 249 (in Japanese).

Takahashi, C., Morikawa, H., Sekiguchi, H., Komazawa, M. and

Sawada, S. (2006): Estimation of subsurface structure around

damaged area by the Niigata-ken Chuetsu Earthquake using gravity

survey, Proc. ESG 2006 (3rd International Symposium on the

Effects of Surface Geology on Seismic Motion) (eds. by P.-Y. Bard

et al.), Grenoble France, 389-396.

24) Uebayashi, H., Kawabe, H., Kamae, K., Miyakoshi, K. and
Horike, M. (2009): Robustness of microtremor H/V spectra in the
estimation of an inclined basin-bedrock interface and improvement
of the basin model in southern part in Osaka planes, J. Structural
and Construction Eng. (under submission) (in Japanese).

The Report of Borehole

23

~

NI | -El ectronic Library Service



The Japanese Geotechnical Society

DEEP STRUCTURE IN KASHIWAZAKI 659
25) Yamanaka, H., Motoki, K., Seo, K., Fukumoto, S., Takahashi, hara, K. and Kato, H. (1986): Geology of the Ojiya district, Geo-
T., Yamada, N., Asano, K. and Iwata, T. (2006): Observation of logical Survey of Japan (in Japanese).
aftershocks and micro tremors in damage areas of the 2004 Mid  27) Yoshida, N., Goto, H., Wakamatsu, K., Fukumoto, S. and Mika-
Niigata Prefecture earthquake, Chikyu Monthly, extra, 53, mi, T. (2007): Investigation on Record at K-NET Kashiwazaki dur-
172-177 (in Japanese). ing the 2007 Niigataken-chuetsu-oki earthquake, http:/www.civil.
26) Yanagisawa, Y., Kobayashi, I., Takeuchi, K., Tateishi, M., Chi- tohoku-gakuin.ac.jp/yoshida/inform/chuetsuoki/k-net-e.pdf.

NI | -El ectronic Library Service



