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Source Process of the Largest Aftershock (M5.5) of the 1997
Northwestern Kagoshima Earthquakes, Kyushu, Japan

Yushiro Fujii and Hiroshi TAKENAKA

Abstract

In order to investigate the source process of the largest aftershock of the 1997 Northwestern
Kagoshima earthquakes, we performed waveform modelling of the broadband strong-motion
records observed at station SIBI, which include the near-field terms clearly. We found that the
largest aftershock consists of at least three subevents and the initial rupture occurred at the
depth of about 10km and propagated to a deeper zone. The locations and origin times of the
second and third subevents were determined by a master-event method using the P-wave
arrival time data of other stations as well as SIBI. The second subevent occurred at the position
1.06km to the west and 1.25km below away from the first subevent, 0.44s after the initial
subevent. Also, the third subevent is located at 1.18km to the west and 1.87km below away from
the first event, 0.59s after the initial subevent. The location of the third subevent is almost just
under the second subevent. The focal mechanisms of the three subevents are left-lateral strike-
slip and similar. Since the moment of the third subevent is by far the largest of all the subevents,
the main moment release took place at the deeper part.

Keywords: the 1997 Northwestern Kagoshima earthquakes, the largest aftershock, source
process, waveform modelling

I. Introduction

Two moderate earthquakes (Mjy26.5, Mjy,6.3) occurred at the northwestern region of Kagoshima
prefecture, Kyushu, Japan on March 26, 1997 and May 13, 1997 (JST; JST = UT + 9 hrs.). We distinguish
these two earthquakes by calling the first mainshock and the second mainshock, respectively,
because the magnitudes of the two earthquakes are very close to each other. Locations of the two
mainshocks and those aftershocks are shown in Fig.1 with the focal mechanisms estimated by the
Japan Meteorological Agency (JMA). Kyushu University started observing the aftershocks at Mt. Shibi
(SIBI), at the center of the focal region, by a broadband strong-motion seismometer (VSE11C/12C) two
days after the first mainshock occurred. During the observation period the largest aftershock (M5.5,
where M indicates the local magnitude determined by the Shimabara Earthquake and Volcano
Observatory (SEVO), Kyushu Univ.) occurred on April 3, 1997.

The 1997 Northwestern Kagoshima earthquakes are rare cases among inland large earthquakes,
which the second mainshock occurred about one month and a half later after the first mainshock.
The second mainshock has almost the same magnitude as the first mainshock and is estimated to
be a multiple shock which ruptured the E-W fault and the conjugate fault (N-S).

Manuscript received September 10, 2001 ; accepted November 9, 2001.
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Fig.1 Epicenter distribution of the first mainshock (filled star), second mainshock (filled diamond), largest
aftershock (open hexagon) and epicenters of the aftershocks occurring from 26 March 1997 to 17
September 1998 (gray dots) which are determined by the SEVO. Filled triangle indicates the station
SIBI. The focal mechanisms determined by the JMA are also shown in the lower hemisphere equal-area
projection. Square in the inserted map of Kyushu Island indicates the magnified area.

The purpose of this paper is to estimate the source process of the largest aftershock (M5.5) of
the 1997 Northwestern Kagoshima earthquakes. This event is the largest among the aftershocks of
both the first and second mainshocks, and it occurred 8 days after the first mainshock, before the
second mainshock, so we are certain that the results of this study will be very significant to analyse
the two mainshocks and further to investigate the tectonics of this northwestern Kagoshima
region.

We perform modelling waveforms including the near-field terms to determine the source
parameters (depth, strike, dip angle, rake angle, source duration, seismic moment) from the strong-
motion seismograms recorded at a very hard rock site. It is very effective to use waveform data,
which include the near-field terms for analysis of source processes, because the near-field terms are
very long-period motion so that they are insensitive to fine underground structure. Actually, stable
solutions of focal mechanisms have been determined for several earthquakes using the waveform
data with the near-field terms ( e.g., KANAMORI et al. 1990, Kosuca 1996, TAKENAKA et al. 1997).



Source Process of the Largest Aftershock of the 1997 Northwestern Kagoshima Earthquakes. 61

. Waveform observation at SIBI

We analyse the waveforms of the largest aftershock recorded by a velocity-type broadband
strong-motion seismometer at SIBI. The frequency characteristic of the seismometer is flat
between (.025Hz to 70Hz. SIBI is located on the granitic rock intruding into the Shimanto
Supergroup, which is mainly made up of strata of sandstone and muddy stone (Editorial committee
for geological map of Kagoshima Prefecture 1990). Since SIBI is a very hard rock site and is located
just above the aftershock region, simple records of the aftershocks have been obtained
successfully, which were little influenced by the surface geology and include the near-field terms
very clearly.

Figure 2 shows the velocity record of the largest aftershock. Remarkable three P phases are
found in the vertical component. Three § phases are also discriminated from each other in the two
horizontal components (N-S, E-W). S-P times of the first, second and third phases are 1.42s, 1.55s
and 1.61s, respectively. These three phases can be also detected especially for P-wave in the
vertical components of short-period seismometers at many other stations over the northwestern
part of Kyushu. These phases mean that the largest aftershock is a multiple-shock event which
consists of three subevents and that locations of the subevents are different from one another.
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Fig.2 Velocity seismograms of the largest aftershock observed at SIBL The arrows indicate onsets of P and §
phases. Bottom figure is magnification of P-wave part of the top figure.
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IIl. Locating the subevents

Seismograms of the largest aftershock have the remarkable phases especially on the part of P-
waves. First, we estimate the locations and origin times of the second and third subevents using the
arrival time data at a number of stations over the northwestern part of Kagoshima, Kyushu. For
the first subevent location, we adopt the hypocenter determined by the SEVO. And we then
determine the hypocenters for the second and third subevents by a master-event method which
uses the time differences between the observed and computational travel times (O-C residuals) of a
fixed master event as the station corrections.

To determine the hypocenters, we picked up the data obtained by the SEVO, NOEV (Nansei-
toko Observatory for Earthquakes and Volcanos, Kagoshima Univ.), JMA, K-NET (Kyoshin Net,
National Research Institute for Earth Science and Disaster Prevention (NIED), Science and
Technology Agency) and FREESIA (Fundamental Research on Earthquakes and Earth's Interior
Anomalies, NIED) within the northwestern part of Kagoshima in addition to the data at SIBL The
stations we selected have epicentral distances less than about 50 km and clear appearance of the
second and third phases. Number of selected stations is 15 for each event and the station set used is
the same for the two events. Distribution of stations used for locating the second and third
subevents is shown in Fig.3. Station coverage is good for both events to determine the hypocenters.
All of the data were used to only read the arrival times of the three P phases except SIBI's data
which were employed in the waveform modelling.
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Fig.3 Locations of stations used to determine the hypocenters of the second and third subevents for the
largest aftershock by the master-event method. Gray dots indicate epicenters of the earthquakes
occurring from 26 March 1997 to 17 September 1998 which are determined by the SEVO.
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We used the win system (URABE and Tsukapa 1992) to read the arrival times of the three P
phases and the method of HiRATA and MATSU'URA (1987) to calculate the travel times and to
determine the hypocenters of the second and third subevents, where we adopted the velocity
structure used in the routine determinations of hypocenters by the SEVO (see Fig.4). At first, using
the hypocenter of the first subevent determined by the SEVO, we then calculate the travel time of
P-wave for all stations to obtain the O-C residuals of the first phase. The origin time and location of
the first subevent determined by SEVO are as follows:

Origin Time: 1997/04/03 04:33:23.19 JST;

Epicenter: 31.97382 ° N £ 0.22km 13033725 " E + 0.24km;

Depth: 10.10 + 0.17km.

Next we read the arrival times of the second and third P phases, and then determine their
hypocenters using the O-C residuals for the first subevent as the station corrections. In this case
the first subevent has been regarded as the master event.

By using the method mentioned above we could obtain accurate locations of the second and
third subevents relative to the first one.

The results are as follows: for the second subevent,

Origin Time: 1997/04/03 04:33:23.63 JST;

Epicenter: 31.97283 ° N = 0.11km 130.32611 °E + 0.10km;

Depth: 11.35 + 0.14km,
and for the third subevent,

Origin Time: 1997/04/03 04:33:23.79 JST;

Epicenter: 31.97338 ° N = 0.12km 130.32474 ° E = 0.10km;

Depth: 11.97 + 0.14km.

The second subevent occurred at the position 1.06km to the west and 1.25km below away from
the first subevent. Also, the third subevent is located at the place 1.18km to the west and 1.87km
below away from the first subevent. The location of the third subevent is almost just under the
second subevent.

IV. Waveform modelling

We obtain the displacement seismograms by integrating the velocity record at SIBI and
applying a high-pass filter (higher than 0.01Hz) to remove the baseline drift. Hereafter, we call these
displacement seismograms “observed seismograms” .

In this study, we assume a point source for each subevent, which is located at each hypocenter
determined in the previous section, to estimate source parameters, where the far-field source time
function (moment rate function) is approximated by a isosceles triangle or a superposition of a few
isosceles triangles. We use the reflectivity method (TAKENAKA and SasaTant 2000) to calculate
Green's functions in a horizontally layered medium.

The velocity structure model used in calculation of the Green's function was assumed based on
the studies of the crustal velocity structure for the south Kyushu by Kakuta (1982), KAKUTA ef al.
(1991), and MivamacHi et al. (1998). The one-dimensional P-wave velocity structure of the aftershock
region suggested by Mivamacti (1998) shows that P-wave velocity deeper than the depth of 4km is
almost constant (about 5.9km/s). This part deeper than the depth of 4km is considered to be the
basement of granite, which makes up Mt. Shibi. We put four layers on the basement layer (half-
space) so that velocities of the structure model does not have strong velocity contrast but become
gradually slower to the surface in the shallow area above the basement. The velocity structure
model we employed is shown in Fig.4, where the ratio of P-wave velocity to S-wave velocity (Vp/Vs
ratio) has been fixed to be 1.73.
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Fig.4 Left: P-wave velocity structure model employed to determine the hypocenters of the second and third
subevents. This model has been used in the routine determinations of hypocenters by the SEVO. Right:
Velocity and density structure model employed to calculate the Green's functions for SIBIL This model is
based on KakuTa (1982), KAKUTA et al. (1991), and Mivamacti ez al. (1998).

Procedure of the waveform modelling for the largest aftershock is as follows: At first, we
consider one of the three subevents. We estimate the source duration (length of the base of
triangle) from P- and S-wave pulse length. Synthetic seismograms are then calculated to be
compared with the observed seismograms to estimate the other source parameters (strike, dip,
rake angle, and seismic moment) by trial and error. The synthetic seismograms have been high-
pass filtered in the same way as the observed seismograms. No instrumental correction for the
seismometer has been made because the frequency response of the seismometer is almost flat over
the frequency range where the observed seismograms have most of the energy. The chain of the
above steps of the procedures is applied to all subevents of the largest aftershock. We then
synthesize the three synthetic seismograms corresponding to the three subevents to obtain the
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Fig.5 Comparison between the synthetic (thick line) seismograms and observed ones (thin line)
obtained by integration of the velocity records for the largest aftershock, which have been all
high-pass filtered (>0.1Hz) to exclude long period component. The origin time of event and the
estimated seismic moment (M) are also shown on the top.
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total synthetic seismograms for each component. In case that the fitness between synthetic and
observed seismograms is not good, we reexamine the synthetic seismograms of each subevent.

On matching the synthetics with the observed seismograms, we paid attention to the near-field
terms (in the strict sense, near-field and intermediate terms) which are seen as ramps between
direct P- and S-waves. The reason is because the near-field terms are insensitive to fine subsurface
velocity structures and extremely helpful to estimate stable solutions of the source parameters.

Figure 5 shows the total synthetic seismograms matched with the observed seismograms. The
amplitudes and polarities of the synthetic seismograms fairly agree well with those of the observed
ones for P- and S-wave for the horizontal components. Although the S-wave amplitude in the
vertical component of synthetics and the observed seismograms have still a little discrepancy and
the near-field terms for EW and UD components of the observed seismograms may not be fully
simulated, the overall agreement between the synthetic and observed seismograms are quite well.

Moment rate function estimated is shown in Fig.6. Figure 7 shows the focal mechanisms
corresponding to the first, second and third subevents with polarities of the P-wave motions at
stations whose records are used to locate the hypocenters. The focal mechanisms estimated by the
waveform modelling are left-lateral strike-slip and consistent with the distributions of the P-wave
polarities, which indicates that obtained source parameters are reasonable. The determined source
parameters for the largest aftershock are summarized in Table 1, where we have employed the
definition of Akl and RicHARDS (1980) for the angle parameters. We have used four triangles totally
for the source time function. The first (I) and second (II) subevents consist of only one triangle
respectively, while the third subevent (Ill) consists of two triangles (1lI-1, 111-2). The main reason to
use two triangles is that if the moment release took place from just only the one patch (IlI-1), the
amplitude of synthetics for the near-field terms is to be underestimated. Since the moment
magnitude of the third subevent is equal to the local magnitude determined by the SEVOQ, it is
found that the third subevent is the main event of this earthquake.
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Fig.6 Moment rate function estimated for the largest aftershock. Symbols of My, T and T stand for seismic
moment, source duration and time difference between the first pulse and later pulses, respectively.
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Fig.7 Estimated focal mechanism of each subevent of the largest aftershock. Polarities of P-wave motions
corresponding to each subevent are plotted on the focal mechanism solutions by filled (up) and open
(down) circles. Two focal mechanism solutions shown on the bottom are centroid moment tensor
solutions determined by NIED (FREESIA) and Harvard Univ.

Table | Estimated source parameters for the largest aftershock

Subevent Duration (s) M, (Nm) M, M strike dip rake (deg) d(km) S (km? a (km)

1 02 LOX10" 46 280 80 0 1010 282 0.95
I 03 50%10° 5.1 275 85 8 1135 824 1.62
m 0.6 35X107 56 283 93 105 1197 3016 3.10
-1 04 25%107 55 24.10 2.77
-2 0.3 1L0X107 53 13.08 2.04
total 41X107 57 55 3351 3.27

M,,: Moment magnitude

M : Magnitude determined by the SEVO
d : Source depth measured from the sea level
S : Area of fault estimated from (log S=M,,-4.15; Wyss, 1979)
a : Radius of the fault assumed to be a circular fault (a=\[S/‘n )
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V. Discussion

In order to check the stability of the focal mechanisms obtained in the previous section, we
calculate the synthetic seismograms, setting the depths of the second and third subevents to be
0.14km (error range) of the hypocenters deeper than ones shown in Table 1. Figure § shows the
synthetics with the observed seismograms. We can see no meaningful difference compared to Fig.b.
This means that stable focal mechanism solutions for the subevents have been obtained within the
error ranges of the locations.
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Fig.8 Comparison between the synthetic (thick line) seismograms and observed ones (thin line).
Notations are the same as Fig.b. But for the synthetic seismograms, the depths of the second
and third subevents are assumed to be about (.14km (error range) deeper than ones shown in
Table 1. Notice that agreement of synthetics with observed seismograms are not so spoiled
comparing with Fig.5.

Focal mechanisms estimated for the largest aftershock by automated moment tensor
determination conducted under FREESIA Project, NIED (Fukuyama er al., 1998,
http://argent.geo.bosai.go.jp/freesia/) and Harvard CMT solution (DZIEWONSKI et al., 1999;
http://www.seismology.harvard.edu) are shown at the bottom of Fig.7. The NIED solution is more
similar to the focal mechanism of the three subevents we obtained than the Harvard one. Note that
the focal solution estimated by the NIED is almost identical with that of the third subevent which
has the largest moment release of all subevents.

Comparing the seismic moment of the three subevents, we can consider that the first subevent
and the third subevent are an initial rupture and major event, respectively. There are some M 5-
class events which consist of the initial rupture and main rupture subevents (multiple-shock event).
One is the 1990 Odawara earthquake (M5.1). IsHipA and KikucH! (1992) found that the focal
mechanism inferred from the P-wave first motion is meaningfully different from that estimated from
the major part of the initial portion of the broad-band waveform data. They actually obtained the
better fitness between the observed and synthetic seismograms using the focal mechanism obtained
from the major part of the waveforms, as comparison with those calculated for the focal mechanism
deduced from the P-wave first motion. These mechanisms are strike-slip type and dip-slip type
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respectively, and are significantly different from each other unlike the event studied in this paper.

The 15 October 23:19 aftershock (M, =5.0) of the 1997 Imperial Valley earthquake is another
example of M 5-class multiple-shock earthquake which has strike-slip type subevents as well as the
event analysed in this study. Liu and HELMBERGER (1985) investigated the source mechanism by a
waveform inversion using two horizontal components recorded at just above the source region.
According to their results, the aftershock consists of two subevents which have different
mechanisms each other and the second event (major event) has a seismic moment twice that of the
first event.

In case of the event studied in this paper, the estimated focal mechanisms of the three
subevents are very similar but not identical each other. Differences of the estimated faults
parameters between the first and third subevents more than ten degree in all of strike, dip and rake
(see Table 1), while those of the second subevent from the first and third subevents are less than
ten degrees. In the forward modelling process of waveform at SIBI and P-wave polarity
distribution, we found that change of the fault parameters more than ten degrees leads to
significant variation of the fitness between the observed and computed data. Therefore we can at
least say that our results suggest a slight change of the focal mechanism during the source process
from the initial rupture to the main rupture.

Another noticeable source property for the largest aftershock studied here is, as we can see in
Fig.9, that the rupture propagated downward and the largest moment was released at the deeper
zone. MIYAMACHI et al. (1999) suggested from the aftershock distributions that the first mainshock
ruptured the deep middle part of the low aftershock activity zone which extends from the
hypocenter mainly to the western shallow area. MIYAKE et al. (1999) also found that a large moment
of the first mainshock release took place mainly at the western part of the hypocenter with a
forward modelling of strong motion records. Horikawa (2001) also constructed the fault model from
strong motion data by an inversion method, which has a single asperity at western part from the
hypocenter. In Fig.9, the asperity found by Horikawa (2001) is corresponding to the inactive area of
the aftershocks, which is on the west of the hypocenter of the first mainshock. The first subevent of
the largest aftershock is located just below that asperity, and the third subevent is located at the
extreme bottom of the aftershock region. From this configuration of the asperity of the first
mainshock and the subevents of the largest aftershock, we speculate that the rupture front of the
first mainshock had stopped above the initial rupture point (the first subevent) of the largest
aftershock, so that it had not reached to the bottom of seismogenic layer in the crust of this region.
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Fig.9 Vertical cross section of the aftershock distribution along the latitude. Aftershocks which occurred
between the first mainshock and the largest aftershock are shown. Filled star indicates hypocenter of
the first mainshock. Sizes of circles for the aftershocks (gray circle) are in proportional to the
magnitude.
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VI. Conclusions

We have investigated the source process of the largest aftershock for the 1997 Northwestern
Kagoshima earthquakes to find this event is a multiple shock composed of at least three subevents.
We first located the hypocenters of the subevents by a master-event method, and found that the
largest aftershock occurred at the depth of about 10km and the rupture propagated to the deeper
zone. Next we estimated the focal mechanism of each subevent through the waveform modelling.

The focal mechanisms of the three subevents are left-lateral strike-slip and similar each other.
Our results suggest that the major moment of the largest aftershock was released at the deeper
zone (.59s after the initial rupture.
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