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In 1997, two earthquakes (M6.5 and M6.3) occurred in the northwestern part of Kagoshima Prefecture, Japan.
We carried out temporary seismic observation to obtain the detailed aftershock distribution. We constructed a 3-D
P wave velocity model by inverting the travel times of aftershocks observed at 14 seismic stations in and around the
focal area and relocated more than 14,000 aftershocks with the 3-D velocity model.
The general features of the aftershock distribution are as follows: (1) Aftershocks of the first main shock (M6.5)

are distributed with a strike of nearly E-W (N100◦E) in a vertical plane with a horizontal length of 21 km and a depth
range of 2 to 9 km; (2) The second main shock (M6.3) has an ‘L’-shaped aftershock distribution: one plane strikes
nearly E-W, which is parallel to the aftershock zone of the first main shock, and the other is a conjugate plane; (3)
An obvious seismicity gap of about 3 km wide is found between the aftershock zones striking E-W for the first and
second main shocks; (4) The aftershock activities are generally low around the hypocenters of the two main shocks.
Our results show that most of aftershocks occurred not in high or low velocity zones, but in intermediate velocity

areas. Several vertical linear distributions of aftershocks are also confirmed in the two focal zones striking E-W.
These peculiar distributions suggest that the aftershock activity is affected by the underground structural boundaries.

1. Introduction
Two strong shallow earthquakes occurred at about 7.5

km depth beneath Mt. Shibi in the northwestern part of
Kagoshima Prefecture, Japan, on March 26 and May 13,
1997, as shown in Fig. 1. More than fourteen thousands of
aftershocks were recorded following the two main shocks
(Kakuta et al., 1998). Miyamachi et al. (1998) carried out a
temporary seismic observation by installing 12 portable sta-
tions in and around the aftershock region. They found that
the first main shock (M6.5) was followed by aftershocks dis-
tributed in an area of about 20 km long by 2 km wide with a
strike of nearly E-W (N100◦E), while the aftershocks of the
second shock are distributed in an ‘L’-shaped area composed
of two planes striking E-W and N-S. Focal depths ranged
from 0 to 10 km for the aftershocks of the first shock and
from 0 to 8 km for those of the second shock. The horizontal
distance between the epicenters of the two shocks is only
5 km. The focal zones of the two shocks are, however, ob-
viously different from each other. Kakuta et al. (1998) also
reported a fault mechanism of a left-lateral strike-slip fault
trending E-W for the first shock.
Geological studies of the aftershock region found a com-

plicated surface geology including a large horizontal bend-
ing structure of the Shimanto Supergroup and an intrusion of
granite (Murata, 1987; Yoneda and Iwamatsu, 1987). There-
fore, it is reasonably expected that the lateral seismic velocity
variation is large in the region. To reveal a fine spatial distri-
bution of the aftershocks in such a complicated region, an ac-
curate velocity structure, namely three-dimensional velocity
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structure, must be applied for the hypocenter determination.
For example, Miyamachi and Moriya (1987) and Hirahara
et al. (1992) obtained precise aftershock distributions of the
1982 Urakawa-Oki Earthquake (M6.8) and the 1984 West-
ern Nagano Prefecture Earthquake (M6.8) on the basis of
three-dimensional velocity structure, respectively. Recently,
Zhao and Negishi (1998) revealed the detailed 3-D P and S
wave velocity structure of the 1995 Kobe Earthquake (M7.2)
focal zone. They pointed out that areas with high aftershock
activity are generally associated with low Poisson’s ratio and
the main shock is located in a zone with low P and S wave
velocities and a high Poisson’s ratio. In this manner, a seis-
mic tomography of a focal zone can be expected to give a
new insight of the seismic velocity structure, the aftershock
distribution and the rupture process of the main shock.
The main purpose of the present study is to obtain a pre-

cise aftershock distribution for a better understanding of the
two strong earthquakes in northwest Kagoshima. We have
estimated the three-dimensional velocity structure in the fo-
cal areas and relocated the aftershocks with the obtained 3-D
structure. We also investigated the relations of the obtained
velocity structure to the aftershock distribution, surface ge-
ology and Bouguer gravity anomaly in the study area. How-
ever, our main interest in this study is on the aftershock activ-
ity during the period of the temporary seismic observation.

2. Method
Our analysis proceeds in the following way; at first, we

estimated a one-dimensional (1-D) velocity structure model
by using the simultaneous inversemethod of Crosson (1976).
The 1-D structure is adopted as an initial velocity model
for the three-dimensional (3-D) inversion. Next, in order
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Fig. 1. Map showing the seismic station locations (crosses) with station codes used in the present study. The stations SIBI and YAMG are the telemetered
seismic stations of Nansei-Toko Observatory for Earthquakes and Volcanoes, Kagoshima University (NOEV), others are the temporary stations. Two
stars numbered indicate the main shock locations occurred onMarch 26 (M6.5, number 1) andMay 13 (M6.3, number 2), 1997, respectively. The shaded
area corresponds to the aftershock distribution accompanied with the main shocks. In the figure, the Cartesian coordinate system with the grid nodes
(open circles) used in the three-dimensional inversion is also described.

Fig. 2. One-dimensional P wave velocity model estimated by the inversion.
Thin lines indicate the results of each inversion. Thick line is the final
velocity model which is applied to the initial hypocenter determination.

Table 1. Station corrections at each station obtained by the inversions. The
station correction at HNST is fixed to be 0.0 sec during the inversion.

Station Height 1-D Inversion 3-D Inversion

code (meters) (seconds) (seconds)

YKZA 250 0.05 0.04

TDAQ 280 0.04 0.01

OHRA 240 0.05 0.04

HRSE 170 0.13 0.15

OKTN 200 0.04 0.01

SROQ 100 0.00 0.02

TRUD 170 −0.08 −0.08

TSRQ 160 0.09 0.10

UTKB 240 0.08 0.10

UETK 60 −0.05 −0.03

KSND 300 0.07 0.03

HNST 150 0.00∗ 0.00∗

SIBI 659 0.14 0.02

YMAG 400 −0.01 −0.03
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Fig. 3. The checker-board resolution test. The artificial velocity model and the initial epicenters (open circles) are presented in (a). Results of the test are
shown in (b)–(d) for 1 km, 3 km and 5 km depths. Crosses indicate the station locations.

to obtain the 3-D velocity model, the simultaneous inverse
method of Thurber (1983) was applied to P wave travel time
data of the aftershocks. In this method, the model space is
represented by a number of three-dimensional grid nodes,
and the velocity at each grid node is estimated by inverting
the travel times. The velocity at any point in the model
space is linearly interpolated from the velocities at 8 grid
nodes surrounding that point. Travel times and ray paths
are determined with the pseudo-bending method of Um and
Thurber (1987). Reliability of the solutions obtained by the
3-D inversion is inspected with the checker-board resolution
test (Humphreys and Clayton, 1988; Inoue et al., 1990).

3. Seismic Observation and Data
During a period from March 28, two days after the first

main shock, to June19, 1997,wecarriedout a temporary seis-
mic observation by setting up 12 portable seismic stations,
as shown in Fig. 1. At each station, one vertical seismome-
ter and a portable event-triggered recording system were in-
stalled. The time calibration of the system was carried out

automatically by GPS at every 4 hours. Seismic waves were
digitally recorded with a frequency of 100 Hz and stored in
a 20 MBmemory board. It should be noted that the observa-
tion was interrupted sometimes because of the small memory
storage. For details of the observation, see Miyamachi et al.
(1998). We also used the data from two permanent seismic
stations, which belong to the Nansei-Toko Observatory for
Earthquakes and Volcanoes, Kagoshima University (NOEV)
and are located in the present study area. The total number
of seismic stations is 14. In the present study, only P wave
arrival time data are used and their uncertainties (reading er-
rors) are usually less than 0.05 sec. During the period of the
temporary seismic observation, we have detected more than
14,000 aftershocks recorded at more than 10 stations.

4. One-Dimensional Velocity Inversion
To have an initial velocity model for the 3-D inversion, we

estimated a 1-D P wave velocity model together with station
corrections and hypocenters by using the method of Crosson
(1976). Because the horizontally homogeneous layered ve-
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Fig. 4. P wave velocity distributions at depths of 1 km, 3 km, 5 km, and 7 km, estimated by the 3-D inversion. The triangle corresponds to Mt. Shibi.
Crosses are the station locations.

locity structure is assumed in the method, we performed the
inversions with various thickness of the layers as the respec-
tive startingmodels. Weused14 seismic stations and selected
613 aftershocks shallower than 10 km; they have a uniform
distribution in the study area. As a result, the total number of
P wave arrival times is 7,717. The standard deviation of the
travel time residuals is generally reduced to 0.05 sec in the
final model after 4 iterations against 0.11 sec in the starting
model. The diagonal elements of the resolution matrix for
the velocities estimated are usually greater than 0.9, and the
standard errors are less than 0.02 km/s. We compiled the re-
sults of all inversions and constructed the final 1-D velocity
model as shown in Fig. 2. The averaged station corrections
obtained by the inversions are shown in Table 1.

5. Three-Dimensional Velocity Inversion
We relocated all the aftershocks, whichwere recorded dur-

ing the temporary seismic observation, with the 1-D velocity
model and station corrections using the method of Hirata
and Matsu’ura (1987). Then we selected 628 aftershocks
well located in the study area for the 3-D velocity inversion.
The epicenters are shown in Fig. 3. The total number of P
wave arrival times is 7,895. In the study area we set up 13
grid nodes with an interval of 3 km along the X -axis directed
to N100◦E, and 13 grid nodes along the Y -axis at the same
interval. On the Z -axis, 7 grid nodes are set up at depths of
−5, 1, 3, 5, 7, 9 and 15 km. According to the results of the
1-D inversion, initial velocities at the grid points along the
Z -axis are assigned to be 2.0, 5.24, 5.59, 5.81, 5.89, 5.94 and
6.1 km/s, respectively. The initial station corrections are the
same as those of the results of the 1-D inversion.
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Fig. 5. P wave velocity distributions projected on the vertical sections along the lines shown in Fig. 7 : (a) A–A’, (b) B–B’ and (c) C–C’. Aftershocks
(circles) enclosed in each box in Fig. 7 are also plotted. The red star in (a) indicates the first main shock and those in (b) and (c) the second main shock.

Before applying the 3-D inverse method to the real data,
we carried out the checker-board resolution test presented
by Humphreys and Clayton (1988) and Inoue et al. (1990)
to examine the reliability of the inversion. We generated an
artificial travel time data set for the real hypocenter and sta-
tion distributions, and applied the inverse method to the data
set. In the artificial velocity model, we assigned ±10% ve-
locity perturbations alternately to every 2 grid nodes in each
layer. The result is shown in Fig. 3. Because of the small
number of stations and spatially non-uniform distribution of
the aftershocks, P wave perturbations are resolved only in
the central small area at depths of 1, 3 and 5 km. We also

found that the estimated velocity perturbations are somewhat
smaller than true values. Though the resolution is not suffi-
cient, it is found that the relative relationship of the velocity
distribution, namely high or low velocity zones, is preserved
in the shallow layers. Solutions at depths 7 and 9 km are less
reliable because few events exist at those depths.
In the 3-D inversion, the standard deviation of the travel

time residuals in the initial model is 0.05 sec, and after 6 iter-
ations it decreases to 0.03 sec. The inverted P wave velocity
distributions are presented in Fig. 4. At 1 km depth, the high
velocities of 5.3 to 5.4 km/s are distributed in a ‘U’-shaped
zone including Mt. Shibi in the northwestern part of the re-
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Fig. 6. Relation between the initial (1-D) and final (3-D) locations of aftershocks. Crosses are the station locations.

solved area, while low velocities of 5.1 km/s are located in
the areas to the east and south of Mt. Shibi. At 3 km depth,
we find a high velocity zone of 5.7 to 5.8 km/s to the west
of Mt. Shibi and a low velocity zone of 5.5 km/s occupying
the southeastern half of the resolved area. Velocity perturba-
tions are less significant at 5 km depth and less reliable in the
layers deeper than 7 km as shown by the checker-board test.
The station corrections obtained are listed in Table 1. The
3-D station correction at SIBI, which is the highest station
among those used in the present analysis, is largely different
from the 1-D one, because station heights are not taken into
consideration in the 1-D inversion.
Figure 5 shows the velocity perturbations along vertical

cross sections which locations are shown in Fig. 7. After-
shocks in each box in Fig. 7 are also plotted in Fig. 5. Two
high velocity zones dominate in the A–A’ section striking
nearly E-W (Fig. 5(a)): one is zones in the western shallow
area (X = 7 to 12 km) , the other is gradually inclined to
the east at depths of 1 to 6 km in the central area (X = 15
to 25 km). We can also find a small area of low velocity at
X = 13 to 14 km. In addition, a low velocity zone spreads in
the middle to eastern shallow areas. Figure 5(b) indicates a
distinguishable velocity contrast near the middle part: a high
velocity zone is in a shallower part at X = 12 to 16 km and
it contacts obliquely with a low velocity zone of 2 to 6 km
deep in the eastern side. In the N-S section (Fig. 5(c)), a high

velocity zone is limited in the northern area. Thus, the study
area is characterized by the large lateral velocity variation.
Figure 6 presents the relations between the initial hypocen-

ters (1-D) and the final ones (3-D) obtained by the inversion.
The 3-D hypocenters are generally deeper and more distant
from Mt. Shibi than the 1-D ones except those in the east-
ernmost area: the differences is larger than 3 km in focal
depth and usually less than 1 km in epicenter. These differ-
ences between the 3-D and 1-D locations around Mt. Shibi
are probably due to the high velocity zones just beneath Mt.
Shibi: namely, velocities in the shallow area range from 4.5
to 5.6 km/s in the 1-D model (Fig. 2), while they are 5.4 to
5.8 km/s in the 3-D model.

6. Aftershock Distribution with the 3-D Velocity
Model

In order to relocate aftershocks, we performed an addi-
tional 3-D velocity inversion, shifting grid points by a half
grid interval size (1.5 km) in the X and Y directions, and
construct a 3-D velocity model by compiling the results. We
determined hypocenters of the second main shock (M6.3)
as well as more than 14,000 aftershocks observed during the
temporary seismic observationwith the 3-Dmodel, as shown
in Fig. 7. The standard errors of the hypocentral locations
are usually less than ±0.14 km for epicenters and ±0.2 km
for focal depths.
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Fig. 7. Aftershock distribution during March 29 to June 19, 1997, obtained by the hypocenter determination for the 3-D velocity model. Two stars
indicate the first and second main shock locations, respectively. Thick lines, A–A’, B–B’ and C–C’ are the locations of the vertical sections in Fig. 5 and
aftershocks in each box are plotted in the sections.

Fig. 8. A diagram showing a relation between the space (Y -axis) and time (cumulative day from the first main shock). An arrow indicates the occurrence
time of the second main shock (14h38m, May 13, 1997). The dotted line shows the south boundary of the aftershock distribution in Plane-C. Thick lines
indicate the no observation periods.
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Fig. 9. Aftershock distribution in each layer of 1 km in thickness. Crosses are the station locations.

We tried to estimate the hypocenter of the first main shock
(M6.5), which occurred before our temporary observation,
with the 3-D model, by collecting 9 aftershocks located by
NOEVwithin a distance of±1.0 km from thefirstmain shock
location. We compared the hypocenter components with
those estimated in the present study and simply evaluated
the mean differences: −0.82 km, +0.52 km and +0.15 km
for the X , Y , Z components, respectively. We revised the

first main shock location byNOEV, adding these corrections.
It is remarkable that a horizontal distance between two main
shocks is only 4.8 km.
At first, we describe an outline of the spatial distribution of

aftershocks. Most of aftershocks of the first main shock are
distributed at depths of 2 to 9 km in the focal region striking
nearly E-W (N100◦E), which is of 21 km long (X = 8 to 29
km) by 3 kmwide. It is also found that the first main shock is
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Fig. 9. (continued).

located in the deep middle of the focal region. This suggests
that the rupture of the main shock may propagate bilaterally.
Hereafter, we call this focal plane as Plane-A. The aftershock
distribution for the second main shock is composed of two
vertical planes conjugate to each other: one (Plane-B) is a
focal region striking nearly E-W (N100◦E), parallel to Plane-
A, of 11 km long (X = 10 to 21 km) by 2 kmwide in a depth
range from 2 to 9 km, and the other (Plane-C) directed to

N-S has an area of 10 km long (Y = 4 to 14 km) by less than
2 kmwide in a depth range from 4 to 8 km. The second main
shock is found to be located not at the intersection of Plane-B
and Plane-C, but on Plane-B. It should be also emphasized
that Plane-B is clearly separated from Plane-A by a zone like
a seismic gap with a horizontal width of 2 to 3 km. As shown
in Fig. 5, aftershock activities at the main shock locations are
extremely low: aftershocks would presumably be inactive in
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Fig. 10. Vertical cross sections of the aftershocks at an interval of 1 km along the X -axis.

a zone highly ruptured by the largest shock. In particular,
the zone in Plane-A is found to extend from the main shock
location to the western shallow area.
As shown in Fig. 5(c), the aftershocks in Plane-C are found

to be restricted in a narrow depth range from 4 to 8 km: those
vertically aligned around Y = 15 and 19 km correspond to
the aftershocks distributed along Plane-A and Plane-B, re-
spectively. We notice that the activity in Plane-C is lower
than those in Plane-A and Plane-B during the temporary ob-
servation. Figure 8 shows a space-time relation of the af-
tershocks projected on the Y -axis. The aftershock region
of Plane-C appears to spread gradually to south: just after

the main shock, the horizontal length of Plane-C is less than
5 km and extends up to 10 km at the end of the temporary
seismic observation. This southward spread can be seen con-
spicuously in the aftershock distribution obtained by NOEV
(Kakuta et al., 1998). Similarly, Plane-A and Plane-B are
about 17 and 9 km long in the early 24 hours from the main
shocks, respectively (Kakuta et al., 1998; Miyamachi et al.,
1998). Accordingly, we found that each aftershock zone
clearly increased its length along its strike. We also see from
the figure that the aftershock activity in Plane-A temporally
lowered during about three days just after the second main
shock.
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Fig. 11. Bouguer gravity anomalies in the study area (Ministry of International Trade and Industry, 1996). The solid triangle refers to Mt. Shibi.

Fig. 12. Geological map simplified fromYoneda and Iwamatsu (1987). Solid stars indicate the locations of twomain shocks. The solid triangle corresponds
to Mt. Shibi.
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A detailed aftershock distribution at each depth interval of
1 km is shown in Fig. 9. Though the aftershocks shallower
than 2 km seem to be somewhat scattered, a linear trend of the
shallow aftershocks striking nearly N-S at X = 18 to 19 km
can be seen clearly. In Plane-A, the aftershock distribution at
2 to 4 km depths is complicated. For example, the aftershock
zone clearly bends at X = 15 km and a linear alignment of
the aftershocks trending to N-S is visible at X = 18 to 19
km. Aftershocks at X = 12 to 13 km at depths of 2 to 5 km
seems to extend so as to connect between Plane-A and Plane-
B. These aftershocks have occurred just after the first main
shock and have been activated after the second main shock.
At depths greater than 4km in thewestern andmiddle parts on
Plane-A, the aftershock distribution has basically the nearly
E-W (N100◦E) strike. In the eastern part, however, the major
trend of the aftershocks is east. In this part, we observed
several N-S alignments of aftershocks, which correspond to
the vertical alignments in the deep area at X = 21 to 24 km
in Fig. 5(a). Most of aftershocks greater than M3.5 occur
in the deep area in Plane-A, and especially are concentrated
in the eastern part. Figure 10 shows aftershock distributions
projected on vertical sections at an interval of 1 km along
the X -axis. The aftershock distribution on Plane-A is almost
vertical in the western and middle parts. However, the plane
in the eastern part (X = 20 to 25 km) seems to be inclined at
about 10 degrees from a vertical. From the section at X = 23
to 24 km, we can also see that aftershocks are horizontally
distributed in a depth range of 4 to 5 km. The trend of the
distribution is found to be almost in a direction of the Y -
axis from the horizontal section at Z = 4 to 5 km in Fig. 9.
Plane-B is found to be one straight vertical plane striking
nearly E-W (N100◦E) in the whole depth range. Moreover,
there is no aftershock greater than M3.5. We can see several
vertical alignments of aftershocks like a pipe in the shallow
area on Plane-B in Fig. 5(b).

7. Discussion and Conclusion
Figure 5 shows a close relationship between the veloc-

ity structure and the aftershock distribution. Hence, we in-
vestigate the relation among the velocity structure, gravity
anomaly and geology. We compare the inverted 3-D veloc-
ities with the Bouguer anomalies reported by Ministry of
International Trade and Industry (1996) shown in Fig. 11. It
is evident that the pronounced positive Bouguer anomalies
higher than+50 mgal in and aroundMt. Shibi are associated
with the high velocity zones at depths of 1 and 3 km shown
in Fig. 4. Similarly, the low velocity zone east of Mt. Shibi
may correspond to the relatively low anomalies of +30 to
+40 mgal.
Figure 12 presents a simple surface geological map mod-

ified from Yoneda and Iwamatsu (1987). The Cretaceous
Shimanto Supergroup, which is composed of alternation of
strata of sandstone and mudstone with dip angles from
40◦NW to 80◦NW, is widely distributed in the study area and
is overlain by the Tertiary and Quaternary volcanic rocks in
the southeastern part. Its trend changes from NE-SW in the
northern part to N-S in the southern part: it is the well-known
“Hokusatsu Bend” in geology. The granitic rocks forming
Mt. Shibi intruded into the bending zone. It is supposed that
the high and low velocity zones in Fig. 4 correspond to the

granite and the volcanic rocks covering the Shimanto Super-
group, respectively. Regions of the intermediate velocities
may be related to the Shimanto Supergroup. The extent of
the high velocity zone beneathMt. Shibi may suggest that the
granitic body is distributed at least down to about 3 km depth.
As can be seen in Fig. 12, there is no fault corresponding
directly to the aftershock distributions striking nearly E-W,
namely Plane-A andPlane-B. However, severalN-S oriented
lineations seen in the aftershock distributions in Plane-A and
Plane-B are almost similar to a trend of the Shimanto Super-
group. On the other hand, the trend of Plane-C is parallel
to that of the Shimanto Supergroup and also might be re-
lated to Noda Fault striking N-S in the western area. These
suggest that these aftershocks may occur along the geologi-
cal boundaries striking N-S. The surface fault traces caused
by two main shocks are not observed (Imura et al., 1998).
This fact may be consistent with the upper limit of the main
aftershock distribution, 2 km depth.
In the previous section, we pointed out the existence of

the vertical alignments of the aftershocks in Plane-A and
Plane-B. The horizontal locations of the aftershocks can be
generally determined by P wave arrival time data. On the
other hand, only P wave data sometimes can not constrain
sufficiently the focal depth in the hypocenter determination.
Thus, one possible way of verification of the alignments is to
inspect the relation between focal depth and S-P time. We se-
lect the aftershocks with magnitudes greater than 2 and with
various focal depths, located within one alignment ranging
from 22 to 23 km in the X -axis on Plane-A (see Fig. 5(a)),
and show examples of seismograms recorded by the verti-
cal seismometer at HNST which is almost situated above
the alignment in Fig. 13. Although it is very hard to detect
precisely S wave arrival time on each trace, we can see a ten-
dency that the S-P times increase with focal depth. We think
that this auxiliary evidence supports the vertical alignment of
the aftershocks. Figure 14 shows a space-time relation of the
aftershocks in the alignment selected above. In this align-
ment, an earthquake with a magnitude of 4.9 occurred on the
fourteenth day from the first main shock. Many small after-
shocks occurred during a few hours just after this earthquake.
Though the aftershocks before the earthquake are spatially
concentrated, they are distributed extensively along the Y -
axis (N10◦E) and are mainly located in the shallow region
after the earthquake. Similar activity and spatial distribution
of aftershocks can be recognized in other vertical alignments.
Consequently, it is reasonable to suppose that the relatively
big aftershocks may play an important role in the aftershock
activities in the vertical alignments and provoke the after-
shocks in the alignments to spread to the nearly N-S direc-
tion. Further, such alignments of the aftershocks suggest that
the aftershocks take place along the underground structural
lines, probably geological boundaries or blind faults. Zhao
and Negishi (1998) pointed out an important contribution of
the fluid-filled, fractured rock matrix to the initiation of the
1995 Kobe Earthquake from their analysis of the distribu-
tion of P and S wave velocities and Poisson’s ratio in the
focal region. We have no information about S wave velocity
distribution in this study area. However, because there are
many hot springs in the study area, we imagine that the un-
derground fluid or the hydrothermal system, in addition to
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Fig. 13. Seismic waves of the aftershocks located in the vertical alignment in Plane-A with a magnitude greater than 2 recorded by the vertical seismometer
at the station HNST. P wave arrival time of each trace is arranged to be 0.0 sec in the axis of ordinate, and the amplitude is normalized by its maximum
amplitude.

Fig. 14. A time-space relation of the aftershocks located in one vertical alignment on Plane-A: (a) time - Z -axis, (b) time - Y -axis, and (c) time - X -axis.
Arrows indicate the time of occurrence of the first main shock. The dotted line shows the beginning of our temporary seismic observation. No observation
periods are included in the figure.
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the structural boundaries, may participate with the peculiar
aftershock distributions.
The 3-D velocity inversion revealed the significant lateral

velocity variations in the shallow area. Figure 9 suggests
that the spatially complicated distribution of the shallow af-
tershocks is affected by the underground structure. From
Fig. 5, we found that the majority of the aftershocks in Plane-
A and Plane-B take place in zones of the intermediate P wave
velocities and the aftershock activity is extremely low around
the main shocks. Especially, in case of the first main shock,
an extremely low aftershock activity zone is clearly found
to extend from the hypocenter to the western shallow area.
It means that a complete destruction progresses in the zone.
We speculate one possible image of the rupture propagation
of the first main shocks: (1) the rupture starts at the hypocen-
ter and propagates mainly to west and partly to east, (2) in
the western area which is homogeneous from the 3-D ve-
locity model, the rupture will steadily propagate. When its
front reaches the shallow high velocity body, the rupture may
be disturbed and stops, (3) in the eastern area which seems
to be relatively heterogeneous from the model, the rupture
immediately reaches the shallow and deep high velocity bod-
ies, and the bodies may prevent the rupture from spreading
eastward, (4) as a result, the rupture may concentrate in the
intermediate velocity zone, where themost of aftershocks oc-
curred, especially a boundary area between the intermediate
and high velocity zones.
In the case of the second main shock, the high veloc-

ity body, located in the western shallow area on Plane-B
(Fig. 5(b)), may similarly influence the rupture propagation.
In the previous section, we mentioned that the second main
shock is located not on Plane-C, but certainly on Plane-B.
However, as shown in Fig. 8, the aftershocks in Plane-C
starts to take place just after the occurrence of the second
main shock as well as many aftershocks in Plane-B. Ac-
cordingly, it is reasonable to suppose that the rupture starts
on Plane-B and will propagate to Plane-C immediately.
The bending axis of theHokusatsuBend has not been spec-

ified yet in the previous geological studies (Murata, 1987;
Yoneda and Iwamatsu, 1987). However, we can presume
that the axis has a N100◦E-S100◦W strike running through
near Mt. Shibi, considering the trend of the Shimanto Super-
group. This direction is the same as those of the two after-
shock distributions. As pointed out by Imura et al. (1998),
the main cause of the main shocks may not be the structural
movement associated with the Hokusatsu Bend, because the
bend had already finished before an intrusion of the granite at
Mt. Shibi (Yoneda and Iwamatsu, 1987). On the other hand,
from a focal mechanism analysis of the main shocks, Kakuta
et al. (1998) showed that the T -axis is in a NW-SE direction
and is almost identical to that of the regional stress field in
the study area. If stress concentration had occurred in and
around the bending axis, it would have possibly provoked the
main shocks to take place near the axis. Consequently, we
conclude that the main shocks and their aftershock activity
are strongly influenced by the structural complexities in the
focal areas.
In future studies, detailed velocity investigations such as

conducting artificial explosion experiments with a high den-

sity of seismic stations are needed to clarify the relationship
between the velocity structure and the main shock and af-
tershock activity in this area. Moreover, in order to reveal a
cause why two big earthquakes, whose horizontal distance is
only less than 5 km, occurred successively, an investigation
of a dynamic process of the rupture due to the main shocks
will be required.
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