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An M=5 earthquake occurred on September 15, 1998, in the Nagamachi-Rifu fault (NRF), northeastern Japan.
In the aftermath of this event, many seismograph stations were constructed temporarily around the fault, forming
a dense network of stations with a spatial separation of 5 km. We report here our estimation of the three-
dimensional velocity structures of the P and S waves using arrival-time data recorded at these stations with the aim
of understanding the heterogeneous structure around the NRF. Low-Velocity and high Poisson’s ratio anomalies
are imaged in the lower crust beneath the volcanic area, which are probably associated with the partially molten
materials conveyed through the upwelling flow in the mantle wedge. A distinct low-velocity anomaly, which is
explainable by the existence of H,O-filled pores, is observed in the mid crust at the deeper extension of the NRF.
Two low-velocity anomalies that are probably associated with the remnants of magmatic activity that formed
the Shirasawa caldera and with the existence of thick late-Cenozoic sedimentary layers are observed at depths
shallower than 10 km in the hanging wall of the NRF. Our results successfully characterize the major features
of the complex velocity structure around the NRF, with implications for the existence of fluid-rich regions in the
mid to lower crust.

Key words: seismic velocity structure, northeastern Japan, Nagamachi-Rifu fault, fluids, magma, caldera, active

fault.

1. Introduction

Northeastern (NE) Japan is situated on the overriding
plate of the NE Japan subduction zone, at a location where
the Pacific plate is subducting at a rate of approximately 10
cm/year, with a convergence direction of N65°W (DeMets
et al., 1994). Many shallow earthquakes occur within the
overriding continental plate, with most being concentrated
in the areas along the volcanic front or the Ou Backbone
range (Hasegawa et al., 2000). The Nagamachi-Rifu active
fault system (hereafter denoted NRF) is one of the more ac-
tive faults and runs through the center of the City of Sendai
(Fig. 1(a)). The lateral extension of the NRF is approxi-
mately 20 km with a NE-SW strike and NW dipping, and
the average slip rate of the fault is estimated to be approx-
imately 0.7 m/1000 years (Active Research Fault Group,
1991). While the most recent activity of the fault is esti-
mated to have been 2500-3000 years ago (Miyagi Prefec-
tural Government, 2000), it has been reported that the NRF
has a potential for a large earthquake with a magnitude of
7.0-7.5 (Miyagi Prefectural Government, 1997). Given that
Sendai City has a population of more than one million, if
the NRF slips and generates a large earthquake, the urban
structures of the city will suffer serious damage.

Tio and Kobayashi (2003) and Iio et al. (2004a) hypothe-
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sized that deep extensions of active faults exist beneath the
seismogenic zone and that aseismic slip of these extensions
controls the generation of large crustal earthquakes. They
further suggested that a detailed investigation of deep struc-
tures around the active faults is of considerable importance
for gaining an understanding of earthquake nucleation. Re-
cent seismic studies around active faults (see, for example,
Zhao et al., 1996, 2004; Thurber et al., 2003; Okada et al.,
2005) have revealed a strong crustal heterogeneity in the
earthquake source areas and shown that earthquake nucle-
ation and rupture processes are closely related to the hetero-
geneous structure of fault zones.

A comprehensive joint research project entitled “Model-
ing of Deep Slip Processes in Seismogenic Inland Faults”
was undertaken with the aim of enhancing current knowl-
edge of the deep structure around the NRF (Ito, 2001). To
facilitate the project, many temporary seismic stations were
constructed and deployed, resulting in a dense seismograph
network with a spatial separation of approximately 5 km.
The project also involved extensive experiments using ac-
tive and passive recording of truck-mounted vibrators, natu-
ral earthquakes and 14 chemical explosions (80-120 kg) de-
ployed around the NRF (see Hasegawa et al., 2001; Ikawa
etal.,2001).

Comprehensive studies involving the collection of seis-
mic and magnetotelluric (MT) data were carried out to elu-
cidate the nature of the deep extension of the NRF. Naka-
mura et al. (2002) estimated the deep geometry of the NRF
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Fig. 1.

(a) Topographical map showing the location of the study area. White triangles and black lines denote active volcanoes and active faults,

respectively. Black thick dashed line represents the volcanic front. Rectangle shows the study area shown in (b). White circle in the rectangle
indicates the location of the city of Sendai. Note that the volcanic front runs through the western part of the study area. (b) Epicenter distribution
of the main shock and aftershocks. Gray and open circles show the main shock and aftershocks, respectively (after Umino et al., 2002a). The size
of a circle is proportional to the magnitude of the event. Focal mechanism of the main shock projected on the lower focal hemisphere (Umino et
al., 2002a) is shown. The NRF is marked by thick curves. Thin lines are other active faults. Broken lines represent prefectural borders. The area
indicated by a rectangle is shown in (d). (c) Vertical cross section of the hypocenter distribution along the line A-A’ in (b). The location of NRF is
shown by a black bar at the top. Arrows show the fault motion of the main shock. The area indicated by a rectangle is shown in (e). (d) Magnification
of the aftershock area shown by a rectangle in (b). Other symbols are the same as in (b). (e) Vertical cross section of the hypocenter distribution along

the line B-B’ in (d).

Table 1. Summary of the data sets used in the inversion.

Dataset 1 Dataset 2 Dataset 3
Period Oct. 1996-Jan. 1998 May 2001-Jul. 2002 Oct. 1997-Jul. 1999
Number of events 144 349 4338
Magnitude range 0.2-3.8 >2.5 >2.0
Depth range, km 0-20 0-200 0-200
Station Around the NRF Whole NE Japan/around the NRF Whole NE Japan
Picking errors in 0.05,0.2 0.05,0.1-0.2 0.05,0.1-0.2

P and S arrivals, s

References Yoshimoto et al. (2000)

Horiuchi et al. (2002) Nakajima et al. (2001a)

from seismic array observations and proposed the possibil-
ity that the NRF has a low dip-angle in the mid crust as
a detachment fault. Imanishi et al. (2002) attempted to de-
duce the distribution of P-wave scatterers in the region from
small aperture seismic array observations and found that
the high scatter region spatially correlates with the distribu-
tion of microearthquakes, S-wave reflectors, and calderas.
Ogawa et al. (2004) conducted a MT survey around the fault
and detected two low-resistivity bodies: one is located at
depths of 10-30 km below the volcanic front, and the other
is located in the mid-crust zone below the surface trace of
the NRF. Both of these bodies were interpreted to be fluid-
rich regions.

In this paper we report our application of seismic tomog-
raphy to arrival-time data recorded at a dense seismic net-
work constructed within the framework of the joint research
project. Our objective was to determine a detailed three-
dimensional (3D) crustal structure around the NRF. Care-

ful investigation of the 3D velocity structure may provide
the key to our understanding of the heterogeneous struc-
ture associated with the NRF. We confined the region of
investigation to an area with a lateral extent of approxi-
mately 40x40 km, within which a dense seismic network
was established (38.125°N to 38.3875°N and 140.5625°E
to 140.875°E, with a depth range of 0—40 km).

2. Seismotectonic Setting

Figure 1(a) shows the distribution of active faults and
active volcanoes in NE Japan. The volcanic front runs
through the middle of the NE Japan arc, and numerous ac-
tive faults are concentrated on both sides of the volcanic
front. On September 15, 1998, an earthquake with M=5.0
occurred on the NRF and caused slight damage to some ar-
eas in the city of Sendai. Umino et al. (2002a) relocated the
main shock and aftershocks by applying the homogeneous-
station method and delineated the fault plane of this event,
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Fig. 2. Distribution of seismic stations around the NRF. Solid squares de-
note seismic stations of Tohoku University, open stars and solid reverse
triangles denote permanent stations of JMA and NIED, open circles rep-
resent high frequency sampling stations (Horiuchi et al., 2002), and
crosses indicate off-line stations deployed during 1996-1998 (Yoshi-
moto et al., 2000).
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Fig. 3. Hypocenter distribution of earthquakes used for analysis in this
study. (a) Map and cross-sectional views of 144 earthquakes that oc-
curred in and around the study area (Yoshimoto et al., 2000). The black
triangle shows an active volcano. (b) Map and cross-sectional views of
earthquakes (M>2.5) that occurred in NE Japan between May 2001 and
July 2002 (total: 345 events). Open circles and crosses denote earth-
quakes with hypocentral depths less than and greater than 40 km, re-
spectively.

which dipped to the NW at an angle of approximately 30°
in the depth range of 10—13 km (Figs. 1(b)—(e)). The main
shock occurred at a depth of approximately 12 km, cor-
responding to the deeper limit of the distribution of after-
shocks (Fig. 1(e)). The focal mechanism of the main shock
was a reverse-fault type with a nearly horizontal P-axis
(Fig. 1(b)) that was sub-parallel to the plate convergence
direction (e.g., DeMets et al., 1994). Aftershocks were dis-
tributed on the fault plane in a 3x3-km region as shown in
Fig. 1(d) and (e), and these were comparable with the spatial
extent of the M=5.0 event rupture area estimated by wave-
form inversions (Okada et al., 2001). Umino et al. (2002a)
suggested that this earthquake slipped at the deepest portion
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Fig. 4. Map and cross-sectional views of the configuration of grid nodes
adopted in the inversion. Grid spacing in the horizontal direction is
0.0625° (5-7 km). Eight layers of grid nodes are set up at depths of 0,
5, 10, 15, 20, 25, 30, and 40 km.

Table 2. Average velocity at each depth.

Depth, km P wave velocity, km/s S wave velocity, km/s

0 5.19 3.08

5 5.51 3.19
10 6.10 3.52
15 6.28 3.63
20 6.50 3.73
25 6.62 3.75
30 6.82 3.80
40 7.43 4.12

of the NRF, based on the geometrical relationship between
the fault plane of the M=5.0 event and the surface trace of
the NRF.

The geological structure around the fault is predomi-
nantly governed by the three late Cenozoic tectonic events,
extensional deformation in the early to middle Miocene,
formation of calderas in the late Miocene to Pliocene, and
shortening deformation since the late Pliocene (see Sato,
1994; Sato et al., 2002 for details). The formation of early
Miocene half grabens started approximately 21 Ma. The
early half grabens were controlled by normal faults trending
NNW-NW and were followed by younger grabens trending
NE-SW. After the middle Miocene subsidence, which was
associated with the formation of the northern Honshu rift
system, the Ou Backbone range was gently uplifted. From
8 to 2 Ma, a large number of calderas were formed along the
Ou Backbone range, including the western part of the region
under investigation in this study. A majority of calderas
are collapsed ones with diameters of approximately 10 km
(Yoshida, 2001). This results in a complex crustal struc-
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Fig. 5. (a) Synthetic models used in the checkerboard resolution test (CRT). Positive and negative velocity perturbations of +6% are assigned

alternatively to every grid node in both the horizontal and vertical directions. Velocity perturbations shown in the left panel are assigned to depths of

0, 10, 20, and 30 km, while those in the right panel are for depths of 5, 15,

25, and 40 km. (b) Results of CRT for the P wave. White and black colors

represent high- and low-velocity anomalies, respectively, as shown in the scale in (a). (c) The same as in (b) but for the S wave.

ture in this area. Low Bouguer gravity anomalies related to
calderas have also been identified (Komazawa and Mishina,
2002).

3. Data and Methods

Many temporary stations had been installed around the
NRF under the framework of the joint research project as
mentioned above. Figure 2 shows the distribution of sta-
tions around the fault, including off-line stations deployed
temporarily between 1996 and 1998 (Yoshimoto et al.,
2000), permanent and temporary stations established by To-
hoku University, permanent stations of the Japan Meteoro-
logical Agency (JMA), Hi-net stations by the National Re-
search Institute for Earth Science and Disaster Prevention
(NIED), and high-frequency sampling stations (Horiuchi ez
al., 2002). The total number of stations around the fault was
38, and all the stations were equipped with three-component
seismometers. The sampling rate is 1 kHz for the high-
frequency stations and 100 Hz for all other stations.

The earthquakes studied in our investigation are classi-
fied into three groups (Table 1). The first group consists of
144 shallow earthquakes, with magnitudes ranging from 0.2
to 3.8, and was located by Yoshimoto ez al. (2000). The dis-
tribution of the hypocenters of these earthquakes is shown
in Fig. 3(a). Almost all of the hypocenters are located
within the study area and clustered at depths shallower than
15 km. The arrival-time data from these events were picked
up at 16 off-line stations (crosses in Fig. 2), and these data
play an important role in imaging the velocity structures
at shallow depths. Maximum errors in picking up P- and
S-wave arrival times are considered to be approximately
0.05 and 0.2 s (Yoshimoto et al., 2000), respectively. The
second group consists of 349 earthquakes with magnitudes
>2.5 that occurred in NE Japan during the period from May
2001 to July 2002 (Fig. 3(b)). The arrival-time data of these
events were picked up at both high-frequency sampling sta-
tions (circles in Fig. 2) and stations deployed by Tohoku
University located within the study area (squares in Fig. 2)
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as well as by stations deployed in the broader region of NE
Japan (Nakajima et al., 2001a), using the same technique as
that employed for routine monitoring by Tohoku University.
The third group consists of 4338 earthquakes (M>2.0) that
occurred between October 1997 and July 1999 that were de-
termined by the routine monitoring system at Tohoku Uni-
versity. The arrival-time data for these events were obtained
at more than 200 stations deployed in the broader region
of NE Japan (Nakajima et al., 2001a). This data set was
also used in tomographic studies carried out by Nakajima
et al. (2001a, b) and Nakajima and Hasegawa (2003). The
recording system used in our investigation is the same that
used for picking up the second data set; both data sets have
average errors in picking up of P- and S-wave arrival times
of approximately 0.05 s and 0.15 s, respectively. Rays de-
rived from the latter two data sets propagate at deeper parts
and edges of the study area, thus providing good constraints
on the velocity structures in such regions, which cannot be
well resolved by using the arrival-time data from source

and receiver pairs, both located within the study area. This
methodology provided a good ray coverage throughout the
study area. All earthquakes were relocated prior to the in-
version with the three-dimensional (3D) velocity model of
Nakajima et al. (2001a) in which we used exactly the same
method as that used for estimating the velocity structure in
this study.

The inversion method developed by Zhao et al.
(1992) was adopted, taking into account three seismic
discontinuities—the Conrad (Zhao et al., 1990) and Moho
discontinuities (Zhao et al., 1990; Nakajima et al., 2002),
and the upper plate boundary of the subducted Pacific slab
(Hasegawa et al., 1994; Zhao et al., 1997). The well-
determined 3D P- and S-wave velocity structures for NE
Japan (Nakajima et al., 2001a) were adopted for the ini-
tial velocities within and outside the study area, which en-
abled us to use arrival-time data whose rays propagate out-
side the study area. In this study the 3D P- and S-wave
velocity structures in the area extending from 38.125°N
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figure, earthquakes that occurred within 2.5 km from the depth are shown by circles.

to 38.3875°N and 140.5625°E to 140.875°E with a depth
range of 0—40 km were estimated with those fixed out-
side the area. This method is similar to those success-
fully adopted by Nakajima et al. (2001b) and Nakajima and
Hasegawa (2003). Horizontal grid nodes were spaced at in-
tervals of 5—7 km, and vertical grid nodes were set at depths
of 0, 5, 10, 15, 20, 25, 30, and 40 km (Fig. 4). The total
number of rays intersecting the study area was 26,457 and
14,351 for P and S waves, respectively.

4. Results and Synthetic Tests

To ascertain the adequacy of ray coverage and the relia-
bility of obtained images, we carried out checkerboard res-
olution tests (CRT). In these tests, positive and negative
velocity perturbations of 6% were assigned alternately to
grid nodes for both the horizontal and vertical directions,
and travel times for this model were calculated to generate
synthetic data. Synthetic data were constructed from the

same source-receiver geometry as those used for the obser-
vations. Random noises corresponding to reading errors (a
standard deviation of 0.1 s for the P wave and 0.2 s for the S
wave) were added to the synthetic travel-time data. Figure 5
shows the results of the CRT for P and S waves at depths of
0, 5, 10, 15, 20, 25, 30, and 40 km. The patterns were
recovered for both P and S waves. Another CRT test was
performed in the same manner, but for a different grid spac-
ing (Fig. 6). Positive and negative velocity perturbations
of 6% were assigned alternately to every two grid nodes in
both the horizontal and vertical directions. The results show
that the initial checkerboard pattern is considerably well re-
trieved for all depths. These tests demonstrate that the data
is sufficient to resolve velocity anomalies comparable to the
lateral extent of one or two grid nodes.

The final results were obtained after six iterations. The
root mean square (rms) of arrival-time residuals for the ini-
tial model, which were 0.16 s for the P wave and 0.32 s
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Table 3. Characteristics of five prominent anomalies discussed in the text.
Anomaly 1 Anomaly 2 Anomaly 3 Anomaly 4 Anomaly 5
Vp —3~0% ~—10% —8~—6% ~—10% 0~3%
Vs ~—6% ~—10% ~—10% ~—10% —3~0%
Poisson’s ratio High Moderate Moderate to high Low to moderate High
Volcanic area NRF  Volcanic area
Pacific Ocean B

Velocity perturbation (%)

,+ Shirasawa
caldera
= 028 o .
E . ] [
£ 2 - Io,25 < £
-— [=}
Q_ (7}
@ 3
04 023 0@
20 . Poisson’ Moz
Fig. 8. Vertical cross sections of (a) P-wave and (b) S-wave velocity

perturbations, and (c) the Poisson’s ratio along the red line shown in
the insert map. Black bars on the top of each figure show the surface
trace of the NRF. Gray bars on the top of (a) and (b) represent the vol-
canic area. Crosses and white circles indicate shallow microearthquakes
determined by Yoshimoto er al. (2000) (dataset 1) and Umino et al.
(2002a) (earthquakes shown in Fig. 1), respectively. The hypocenter of
the M=5.0 earthquake is indicated by a red star. Red lines represent
distinct S-wave reflectors (bright spots) detected by Hori et al. (2004).
Blue and yellow lines denote the S-wave reflector identified by Umino
et al. (2002b). The S-wave reflector indicated by a blue line is filled
with HyO (Umino et al., 2002b). Thick black broken lines represent the
inferred geometry of the NRF. Broken lines denote the seismic velocity
discontinuities adopted in the inversion. The rectangle in (a) denotes
the area shown in Fig. 11. Blue lines in the inset map represent the pro-
files of the reflection survey (Ikawa et al., 2001), and the black circle
denotes the location of the Shirasawa caldera (Yoshida, 2001). The five
prominent velocity anomalies discussed in the text are labeled (1), (2),
(3), (4), and (5) in (b).

for the S wave, were reduced to 0.13 s and 0.28 s, respec-
tively, upon optimization. The velocity perturbations shown
hereafter are the derivation from the average velocities cal-
culated from the inverted 3D velocities at each depth (Table
2). Figure 7 depicts the map showing P- and S-wave veloc-
ity perturbations and the Poisson’s ratio. The results show
a highly heterogeneous structure around the NRF. Distinct
low-velocity areas are imaged at depths of 0 and 5 km in the
north and the east of the NRF, while high-velocity areas are
predominantly imaged at the western part of the study area.
At a depth of 10 km, a velocity anomaly with low Vp and
low-Poisson’s ratio is seen in the western part of the study
area. A high velocity anomaly is detected around the after-
shock area of the M=5.0 event. Isolated low-velocity areas
are imaged in the north of the study area at depths ranging
from 15 to 30 km; below 15 km areas with high-Poisson’s
ratio are distributed near the surface trace of the NRF. At
a depth of 40 km a prominent low-Vs and high Poisson’s
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Fig. 9. (a) Vertical cross section of S-wave velocity perturbation along

the line shown in the insert map (after Nakajima et al., 2001a). White
circles and black lines show microearthquakes and seismic velocity
discontinuities, respectively. A black bar and a reverse triangle at the
top denote the land area and the location of the volcanic front (VF),
respectively. Red triangles in the insert map show active volcanoes. A
rectangle indicates the area shown in (b). (b) Vertical cross section of
S-wave velocity perturbation (the same as in Fig. 8(b)). Symbols are the
same as in Fig. 8.

ratio body exits in the western part of the study area where
the volcanic front runs through (Fig. 1).

Figure 8 shows vertical cross sections of P- and S-wave
velocity perturbations and Poisson’s ratio along the pro-
file, which is sub-perpendicular to the surface trace of the
NRF. Velocity anomalies described in the map are well-
characterized in the cross section. For the discussion of ve-
locity anomalies associated with the NRF, we defined five
prominent velocity anomalies: (1) low-velocity and high-
Poisson’s ratio body at depths of 20—40 km beneath the vol-
canic area; (2) low-velocity anomaly in both P and S waves
at a depth of approximately 15 km on a deeper extension
of the aftershock area, with moderate Poisson’s ratio; (3)
a prominent low-velocity anomaly in both P and S waves
with slightly high Poisson’s ratio down to depths of 5-10
km in the hanging wall of the NRF; (4) a low-Vp and low-
Vs anomaly with low-to-moderate Poisson’s ratio close to
the surface trace of the NRF; (5) a relatively high Poisson’s
ratio in the footwall of the NRF at depths of 15-35 km. Ma-
jor features of these velocity anomalies are also summarized
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Fig. 10. Results of a reconstruction test for anomalies (1) and (2) along the
red line in the insert map (the same as the line in Fig. 8). Input model
for (a) P and (b) S waves, and inverted model for (c) P and (d) S waves.
The scale for velocity perturbation is shown at the bottom.

in Table 3.

5. Interpretations

Seismic velocity varies depending on physical aspects, of
which saturation condition, temperature, and ambient pres-
sure play an important role. The variations in the ambient
pressure would be negligible when the deviation from the
average velocity at each depth is used for characterizing the
velocity anomaly. It is considered that, for crustal rocks,
the high- and low-temperature anomalies result in low- and
high-velocity anomalies, respectively, with little effect on
Poisson’s ratio (Ji et al., 2002), which indicates that a ve-
locity anomaly with a considerable change in the Poisson’s
ratio cannot be explained by the thermal anomaly alone.

It is known that the effect of fluids on seismic velocity
depends on the kind of fluids and the shape of the fluid-
filled pores (e.g., Takei, 2002). The shape of fluid-filled
pores can be represented by an “equivalent aspect ratio” or
“effective aspect ratio”, which is defined as the ratio of the
minor radius to the major radius of the fluid-filled oblate
spheroidal pores. The existence of melt-filled pores appar-
ently lowers seismic velocity and increases the Poisson’s
ratio—independent of the shape of the pores. The existence
of H,O-filled pores has, however, a different effect on seis-
mic velocity—in particular on Poisson’s ratio—which de-
pends on the shape of the pores (Takei, 2002). The H,O-
filled pore with an aspect ratio smaller than approximately
0.1 increases Poisson’s ratio with decreasing seismic veloc-
ity, which is an effect identical to that of melt-filled pores.
On the other hand, the H,O-filled pores with an aspect ratio
larger than approximately 0.1 lowers Poisson’s ratio slightly
with decreasing seismic velocity.

5.1 Deep structure around the Nagamachi-Rifu fault

An inclined low-velocity zone has been imaged in the
mantle wedge of NE Japan by local travel-time tomography
(Hasegawa et al., 1991; Zhao et al., 1992; Nakajima et al.,
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Fig. 11. Vertical cross sections of (a) P-wave and (b) S-wave velocity
perturbations, and (c) the Poisson’s ratio along the line shown in the
insert map, which corresponds to the area outlined in Fig. 8(a). (d)
Deep common midpoint reflection profile (Ikawa ez al., 2001) for the
same profile as in (a)—(c). The rim of the Shirasawa caldera (S.C.) is
shown by ticks in (a) and (b). A black broken circle in (d) indicates
a remarkable group of reflectors (after Sato et al., 2002). Red circles
show the aftershock distribution of the M=5.0 earthquake (Umino et
al., 2002a). Other symbols are the same as in Fig. 8.

2001a). The zone is distributed sub-parallel to the down-dip
direction of the subducted slab as a single inclined sheet and
is considered to be the upwelling (return) flow portion that
is mechanically induced by viscous coupling between the
subducted and overriding plates (Hasegawa and Nakajima,
2004). A quantitative analysis of the inclined low-velocity
zone (Nakajima et al., 2005) reveals the existence of melt-
filled pores in it and interprets the inclined low-velocity
zone to be the main source of arc magmas.

Figure 9(a) shows a large-scale cross-sectional view of
the S-wave velocity along the line shown in the insert map
(after Nakajima et al., 2001a). The above-mentioned in-
clined low-velocity zone is seen in the mantle wedge and
crosses the Moho beneath the volcanic front. The velocity
image obtained in this study (Fig. 9(b)) shows a small-scale
heterogeneity for the crust. The low-velocity zone imaged
in the lower crust (anomaly 1 in Fig. 8) appears to be con-
nected to the inclined low-velocity zone in the mantle, with
implications that this anomaly is closely associated with
partially molten materials conveyed through the upwelling
flow.

Anomaly (1) is a region of low Vs and high Poisson’s
ratio. Such anomalies have been commonly observed in
the lower crust in other parts of NE Japan and interpreted
to be partially molten materials (Nakajima ez al., 2001a, b;
Nakajima and Hasegawa, 2003). Although the geotherm
in this area is not well known, it is generally considered
that temperatures at the lower crust near the volcanic front
exceed the wet solidus of basalt and andesite (Yoshida,
2001). Hence, it is likely that partially molten materials
are distributed at this depth, thereby causing anomaly (1).
The two-dimensional finite element modeling by lio et al.
(2004b) showed that the observed surface deformations by
GPS can be explained by models with a weak zone in the
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lower crust, leading these authors to suggest that this weak
zone plays an important role in the stress accumulation
process on the NRF. Anomaly (1) could act like such a
zone.

Anomaly (2) exhibits a moderate Poisson’s ratio despite
prominent low-Vp and low-Vs anomaly. Many S-wave re-
flectors and scatterers, which are considered to be another
aspect of fluid reservoirs, have been found beneath the study
area (Imanishi et al., 2002; Umino et al., 2002b; Hori et al.,
2004), as is shown in Fig. 8. In addition, a highly con-
ductive zone imaged around this anomaly is interpreted to
be a fluid-rich region (Ogawa et al., 2004), and the mutual
analysis of resistivity and seismic velocity data suggests the
presence of regions of high pore connectivity at the NW part
of the deep extension of the NRF (Pervukhina et al., 2004).
Hence, we infer that the existence of H,O-filled pores with
a relatively large aspect ratio (>0.1) can be a plausible can-
didate for this anomaly. The H,O responsible for anomaly
(2) might be expelled from the partially molten materials
causing anomaly (1).

The presence of partially molten materials and H,O at
the lower- to mid-crustal levels could promote deforma-
tion at that depth under distinctive compression in the E-W
or ESE-WNW direction (Nishimura et al., 2004), thereby
causing a stress concentration in the seismogenic zone
above it (Hasegawa et al., 2000, 2005). This interpreta-
tion coincides with high seismic activity in the hanging wall
of the fault (Fig. 8). Fluid-rich regions have been found,
for example, in source areas of the 1995 Kobe earthquake
(M=7.2) (Zhao et al., 1996), the 1999 Chi-Chi earthquake
(M=7.6) (Chen et al., 2001), the 2000 western Tottori
earthquake (M=7.3) (Zhao et al., 2004), and along the San
Andreas Fault (e.g., Johnson and McEvilly, 1995; Thurber
et al., 2003). These observations suggest the importance of
fluids on stress accumulation processes for the occurrence
of crustal earthquakes.

A high-temperature anomaly may be another possible
candidate responsible for anomaly (2). It is known that
the decrease in P-wave velocity for granite is about 0.5—
2.4% with a 100°C increase in temperature (Christensen
and Mooney, 1995; Christensen, 1996), indicating that tem-
peratures of several hundreds of degrees higher than the
surrounding region are required for the generation of the
observed Vp anomaly. Such high temperatures would, how-
ever, exceed the solidus of granite and cause partial melting,
thereby contradicting the moderate value of the Poisson’s
ratio. Thus, it is unlikely that only the high-temperature
condition can be attributed to anomaly (2), although high-
temperature conditions may also contribute in part.

Anomalies (1) and (2) are the keys in understanding the
deep structure of the NRF. We carried out yet another sen-
sitivity test—a reconstruction test—for further assessment
of the reliability of these anomalies. Figures 10(a) and
(b) show synthetic models for P and S waves, respectively,
for the same profiles as shown in Fig. 8. Different syn-
thetic models were used for P and S waves, corresponding
to the obtained velocity structures (compare Fig. 8(a) for
the P wave and 8(b) for the S wave). In this test a velocity
anomaly of —6% was assigned to the corresponding grid
nodes. The calculation of the synthetic travel-time and the
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inversion method are the same as those for the CRT. The
results (Fig. 10(c) and (d)) show that the assumed veloc-
ity anomalies are well recovered although their shapes are
slightly distorted. This test demonstrates again that velocity
anomalies (1) and (2) at the deeper extension of the NRF are
reliable and that they are not artifacts resulting from poor
resolution.

The cause of anomaly (5) is somewhat ambiguous. It
is difficult to account for this anomaly by the presence of
fluids and/or by thermal heterogeneity since the anomaly
shows an opposite variation in P and S waves (high Vp and
low Vs) with a high Poisson’s ratio. One possible explana-
tion is the existence of more mafic and anhydrous plutonic
rocks, such as gabbro and diorite, than the surroundings,
which are composed of amphibole-bearing metamorphic
and plutonic rocks (Yoshida, 2001). Andesite and basalt
produced by Miocene magmatic activity have been found at
the surface to the south of this profile (Geological Survey of
Japan, 1992). A mafic rock body that intruded from deeper
levels as a result of Miocene magmatic activity might be
distributed in the footwall of the NRF. However, this inter-
pretation needs further observational confirmation.

5.2 Shallow structure around the Nagamachi-Rifu
fault

Figure 11 shows the magnification for anomalies (3) and
(4) in Fig. 8, together with the deep common midpoint
(CMP) reflection profile (Ikawa et al., 2001). A possible
explanation for anomaly (3) with low Vp, low Vs, and high
Poisson’s ratio can be the existence of remnants of mag-
matic activity that formed the calderas during the period 8—
2 Ma (Yoshida, 2001). The profile shown in Figs. 8 and
11 crosses the Shirasawa caldera (ticks in Figs. 11(a) and
(b)), which was formed in the late Miocene. It is consid-
ered that, at that time, magma chambers with lateral ex-
tents comparable to the dimension of the calderas existed
(Yoshida, 2001). The CMP reflection profile (Fig. 11(d))
reveals a remarkable group of reflectors with diameters of
approximately 8 km at depths of 2—5 km (an area indicated
by the broken black circle), and the location is in agreement
with the Shirasawa caldera. Sato et al. (2002) interprets
this group of reflectors as a plutonic rock within the Shira-
sawa caldera that worked as a source reservoir for the felsic
caldera. Similar low-velocity anomalies have been imaged
around the Onikobe volcanic area in NE Japan (Nakajima
and Hasegawa, 2003), where an abundance of calderas has
been found. Thus, it is possible that a plutonic rock with a
relatively large amount of fluids and with higher tempera-
tures than that of the surrounding parts results in anomaly
(3). If anomaly (3) is caused by the existence of H,O and
locally higher temperatures, brittle failure is unlikely to oc-
cur in that region, which agrees well with the occurrence of
few microearthquakes within the anomaly (3) (Fig. 8).

Anomaly (4), giving rise to low Vp and low Vs, may be
explained by historical inversion tectonics. It is known that
the NRF was formerly activated as a normal fault in the
Miocene and then reactivated as a reverse fault since the late
Pliocene (e.g. Sato et al., 2002). Faults with reactivation
have also been reported in the eastern part of the Japan Sea
(Okamura et al., 1995) and in the Sendai Bay area (Naka-
mura, 1992). If the NRF had been activated as a normal
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fault, the footing wall could be shifted upward relative to
the hanging wall and then the hanging wall could be cov-
ered with thicker late Cenozoic sediments than the footwall
due to the fault movement. The effect can result in the hang-
ing wall having a lower velocity than the footwall. The exis-
tence of thicker late Cenozoic sediments in the hanging wall
is consistent with the low-Bouguer gravity anomaly (Ko-
mazawa and Mishina, 2002). Similar low-velocity anoma-
lies probably related to the inversion tectonics have been
imaged in the hanging wall of the Ishinomaki-wan fault
(Okada, 2003), located approximately 50 km NE away from
the NRF, and in the hanging wall of the fault where the
2004 Mid-Niigata prefecture earthquake (M=6.8) occurred
(Okada et al., 2005). Both faults had activated as normal
faults in the Miocene and reactivated as reverse faults under
the current compressional stress regime. Hence, we infer
that the late Cenozoic sedimentary layers formed prior to
the reactivation to reverse faulting are the major contribu-
tions to the low velocity anomaly (4).

6. Conclusions

The 3D seismic velocity structure around the NRF was
estimated by travel-time tomography. A dense seismic net-
work has been temporarily deployed since the occurrence
of M=5.0 event. Arrival-time data obtained at these sta-
tions were used to estimate the velocity structure around the
NREF together with those obtained at stations located over a
wider area of NE Japan. The total number of rays intersect-
ing the study area was 26,457 and 14,351 for P and S waves,
respectively.

A low-Vs and high Poisson’s ratio anomaly was imaged
in the lower crust in the western part of the profile, which
possibly can be attributed to partially molten materials, sim-
ilar to those observed in other parts of NE Japan. A dis-
tinct low-velocity anomaly with moderate Poisson’s ratio
was detected at the deeper extension of the NRF, explain-
able by the existence of H,O-filled pores with large aspect
ratios. This interpretation does not contradict the detection
of S-wave reflectors (bright spots) below the fault (Umino
et al., 2002b) and a high conductivity zone around the fault
(Ogawa et al., 2004). We infer that the H,O expelled from
the partially molten materials in the lower crust is localized
and causes low-velocity and high-conductive anomalies. A
low-Vp, low-Vs, and slightly high Poisson’s ratio anomaly
were also imaged at depths down to 5-10 km, within which
only few microearthquakes occurred. Fluid-rich plutonic
rocks with higher temperatures that are the remnants of the
magmatic activity forming calderas in the period 8-2 Ma
might be responsible for this anomaly. The low-velocity
anomaly near the surface trace of the NRF is probably asso-
ciated with a thick late Cenozoic sedimentary pile that was
formed prior to reactivation of the fault.

This study successfully reveals major features of the
complex velocity structure around the NRF, NE Japan, and
it is hoped that the results obtained herein will allow the
development of better models of this fault. Further work
could possibly involve a waveform modeling as well as a
quantitative interpretation of velocity anomalies. These are,
however, beyond the scope of this paper.
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