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Abstract

We conducted aftershock observations of 20 September, 1999 Chi-Chi, Taiwan Earthquake
beginning 15 days after the main shock. We deployed 20 seismographs twice in a 100 km by 100
km area around the focal area of the main shock. Each observation period lasted one month.
Two months of observations yielded about 80 GB of continuously recorded aftershock data,
from which a large number of aftershocks are identified. Among these we located 736 after-
shocks from a four-day record. Taking lateral heterogeneity in the crustal structure into
account, we have a clear distribution of the aftershocks. There are three particular trends in
the east-west cross-section: an east-dipping plane, a nearly flat plane distribution, and a deeper
cluster. These trends correspond to the fault plane of the main shock, the hypothesized
decollement between the accretionary wedge, and the upper boundary of the Eurasian Plate,
and intra-plate activity respectively.

Key words: Chi-Chi Taiwan earthquake, aftershock distribution, temporary observation, decol-
lement

1. Introduction

On September 20, 1999 UT (September 21 Local time), an earthquake with a local
magnitude of (My) 7.3 (Ms=7.7) occurred in central Taiwan. The Island of Taiwan
is located on the boundary between the Eurasian and Philippine Sea plates; the two
plates either collide with each other or one plate is being subducted (Fig. 1). The
Eurasian Plate is subducting eastward beneath the Philippine Sea Plate in southern
Taiwan. In northern Taiwan, the Philippine Sea Plate is subducting northward
beneath the Eurasian Plate at the Ryukyu Trench. In central of Taiwan, there is a
collision boundary between the two plates (Seno, 1994). The location of the bound-
ary in middle Taiwan is not well defined: one possibility is that the boundary lies in
western Taiwan, eastern bounds of the foothill plain, and the other is that the
Longitudinal Valley in eastern Taiwan is the plate boundary. The convergence rate
of 7.1cm/y between the two plates (Seno et al, 1993) is rapid and the central mountain
range of Taiwan has a high erosion rate of 5.5cm/y (Li, 1975).
The earthquake, named for the nearby town of Chi-Chi, was followed by numer-
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Fig. 1. Temporary seismic stations deployed for this study (¥) and permanent seismic
stations operated by the CWB (+). Surface rupture is shown by a solid line. Inset
shows the location of this study on a simplified tectonic map of Taiwan (EP, Eurasian
Plate; PSP, Philippine Sea Plate).

ous aftershocks including five large aftershocks with a local magnitude (M) of 6.0 or
more in one week. Through November 8, eight large aftershocks (ML =6) occurred in
and around the focal area, including the November 2, 1999, earthquake (Mp=6.9)
southeast off Hualien city. The aftershock area extends about 100 km in both the
north-south and east-west directions (Fig.2). The aftershock activity seems to coin-
cide with the area of active background seismicity of central Taiwan. The eastern
limit of the aftershocks lies at the boundary between the seismically active and the
inactive areas beneath the central mountains.

In Taiwan, 75 telemetered seismic stations are operated by the Central Weather
Bureau (CWB) (Wu et al., 1997). Although the station spacing of this seismic net-
work is sufficient to monitor felt earthquakes, detailed spatial distributions of the
aftershock activity are not well constrained by the CWB data. Ten stations are
located in the vicinity of the focal area, but some of them were damaged by the main
shock, and were not available for the aftershock study. To understand the detailed
aftershock distribution in space and time, we deployed 20 temporary seismic stations
in the 100 km by 100 km focal area beginning 15 days after the main shock.
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Fig. 2. Aftershock distribution from September 21 to December 31, 1999 reported by the
Taiwan Central Weather Bureau. Data are from a web page of the CWB (http: //
www.cwh.gov.tw/). The star indicates the location of the mainshock.

2. Observation

We started to deploy 20 temporary seismic stations on October 5, 15 days after
the main shock. The stations are distributed between permanent seismic stations
operated by the CWB (Fig. 1). We designed the configuration of the temporary

stations so that both the permanent and the temporary networks complement each

other.

Each temporary seismic station consists of a 3-component, 1-Hz seismometer, a 16
-bit digital recorder operating at a sampling rate of 100 Hz and a GPS receiver for
timing (Shinohara et al., 1997). The GPS data were recorded every four hours. The
battery-powered recorders ran continuously for 40 days, and we re-deployed the
seismographs in mid-November to continue observations until the mid-December.
Some seismic stations were installed in public schools or temples in small towns and
the others were along roads. One of the stations, TJ09, was located near the
Chelungpu Fault (Photos 1,2,3). Locations and periods of operation of each tempo-
rary seismic station are listed in Table 1.

Three persons from the Earthquake Research Institute (ERI) visited Taiwan for
two weeks to deploy the seismographs, and one seismologist from Taiwan National
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Station TJ09

Photo 3.

Central University participated in the deployment. For the second deployment, one
seismologist and two technicians visited Taiwan from ERI.  The instruments were
retrieved by two technicians from ERI and one assistant acling as an interpreter
from the Institute of Earth Science, Academia Sinica. The personnel are tabulated
in the Appendix.

3. Data Processing

Because we recorded ground motion continuously, we processed the data for
editing after the observations. We obtained about 80 GB of digital records in total.
We first decompressed the original field data, which are compressed at recording, and
converted them into the win format (Urabe, 1994) routinely used in the Earthquake
Research Institute for telemetered seismic observations. During decompression we
used the GPS data to calibrate the internal clock of the recorder. The corrected data
have a timing error of 1 ms or less, which is sufficient for phase picking.

During conversion into the win format we multiplexed the data from all stations
to have a common time base. We detected seismic events on the multiplexed data to
make event files. The event files were scanned by an automated phase picker to get
P- and S-wave arrival times. We examined all event files again by eye to confirm
whether the automatically picked phase data were correct or not, especially for
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Table 1. Station locations and station corrections of the temporary observation sites.

Code Latitude (N) Longitude(E) Elevation Date of operation Correction Station name
0. © L @ 3 m P(s) S(s)
TJo1 24 10 53 121 29 12 520 10/14 - 12/20 -0.21 -1.22 XK# Tianshiang
TJ02 24 057 121 23 12 1220 10/13 ~ 12/19 -0.22 -1.02 A Panshi
TJ03 23 58 2 121 28 54 190 10/13 - 12/19 0.01 -0. 55 #If3  Tongmen
TJ04 23 42 46 121 23 53 180 10/12 - 12/19 -0.05 -1.14 5% Wanrung
TJ05 23 34 18 121 21 11 200 10/12 - 12/19 0.16 -1.00 EJR Fuiuan
TJ06 23 19 16 121 14 40 250 10/12 - 12/19 -0. 06 —0.58 RS Luming
TJ07 24 13 13 121 157 920 10/11 - 12/20 -0.09 -0.96 A Gugan
TJ08 24 10 22 120 53 15 540 10/11 - 12/20 0.34 ~0.05 FIE  Heping
TJ09 24 10 50 120 43 36 170 10/12 - 12/20 1.64 2.31 #I) Jungung
TJ10 24 123 121 10 38 1080 10/07 - 12/22 -0. 13 -1.12 El Lushan
TJ11 23 57 42 120 59 48 620 10/07 - 12/22 -0.02 -0.90 HE Puli
TJ12 24 2 0 120 49 12 340 10/10 - 12/22 0.65 0.63 & Chinglieng
TJ13 24 031 120 36 23 140 10/10 - 12/22 1.65 2.60 B Fenyuan
TJ14 23 53 20 120 47 45 240 10/10 - 12/21 0. 89 1.19 % Jungliau
TJ15 23 53 16 120 36 20 160 10/10 - 12/22 1.49 2.14 I  Chaoshing
TJ16 23 47 5 120 56 26 610 10/08 - 12/21 -0.11 -0. 89 #E  Suanlung
TJ17 23 41 29 120 50 10 580 10/08 - 12/21 0.49 . 0.37 fg#& Shinyi
TJ18 23 44 3 120 40 51 210 10/12 - 12/21 1.25 1.76 Z#k  Shiulin
TJ19 23 33 47 120 55 15 1140 10/09 - 12/21 =0. 10 -0.72 W Dongbu
TJ20 2329 3 120 41 30 1480 10/09 - 12/21 ook soksiok AHE Shizhuo

(1) degree, (2) minute, (3) second, *¥**: not used for the present work.

S-phase pickings. Because the aftershock activity was very high, with aftershocks
occurring almost every 10s (Fig. 3), we first processed the data from the first four
days to see the spatial distribution of the aftershocks. We present preliminary
results for the first four days of data in this report.

4. Analysis )

We located 736 aftershocks during the period from October 11 to 14, 1999. The
total number of aftershocks in this period is greater than those we located, because
at this stage we have not processed the entire record. We first tried to locate the
aftershocks using the one-dimensional velocity model (Fig. 4) used by the CWB
(Chen, Y.L, 1995). The resulting distribution shown in Fig. 5 is nearly the same as
that reported by the CWB (Fig. 1). ‘

We found a systematic residual in travel times for each station by carrying out
an iterative analysis of station delays and hypocenters. First, we located after-
shocks and calculated the mean residual arrival times for P- and S-waves at every
station. We then used these values for station correction, relocated the hypocenters,
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Fig. 3. Example of the waveform data from the aftershocks. Continuous seismic data
for 4 hrs recorded at station TJ 10 are shown (Oct. 12. 16: 00-20: 00. UT).

and computed new station corrections. We repeated the procedure several times
until we got almost identical hypocentral distributions after iteration. We have
relatively large final station corrections for both P- and S arrivals, suggesting lateral
heterogeneity in the crust. The estimated station corrections are listed in Table 1.
More detailed studies of the crustal heterogeneity will appear elsewhere.

5. Results
We show hypocenters of the aftershocks with station corrections in Fig. 6. The
microseismic activity is distributed in an area of 100 km in both the north-south and
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Fig. 6. Aftershock distribution determined by the temporary seismic
observations after station corrections. The distribution during October 11
to 14.is shown.

east-west directions. The western boundary of the seismicity coincides in general
with the surface trace of the Chelungpu fault, but there is minor activity west of the
fault. Within the area are several clusters. Some of them occurred immediately
after the main shock and the other started to be active since October 22, 1999. The
former includes the cluster near Fenyuan (Station TJ13) and the latter comprises
aftershocks of the My =6.4 earthquake near Chiayi. :

The east-west cross section shows three particular trends in the distribution of
hypocenters. The first is an east-dipping distribution with a dip angle of about 30
degrees. The trend projects to the surface at the Chelungpu Fault. The strike and
the dip of this aftershock trend are consistent with the focal mechanism of the main
shock (Kikuchi and Yamanaka, 1999). The second trend is a very low angle or
almost flat cluster at a depth of about 10km. From the east-west profile in Fig. 6, the
flat and the east-dipping distributions seem to intersect each other. ‘However, in a
horizontal section, the flat activity is located in the northern area and the east
dipping trend lies in the middle to southern area of the aftershocks. The third
cluster lies at depths from 20 to 30 km, apparently deeper than the other clusters and
20km east of the main shock.
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Fig. 7. Schematic model for the crustal structure of Taiwan and the 1999
Chi-Chi, Taiwan, Earthquake. Numbers are P-wave velocities in km/s
from Shih et al. (1998).

6. Discussion

In western Taiwan a west-vergent thrust system is well developed with a NS
strike parallel to that of the Island of Taiwan itself. This fold-and-thrust belt mainly
deforms late Tertiary sedimentary rocks. The collision tectonics started in the
Pliocene, and the area has suffered an intense shortening deformation (Page and
Suppe, 1981). The geologic structure is characterized by a well-developed fold-and-
thrust belt very similar to that found along the trench slope of subducted plate (Fig.
7). Sedimentary material has been thickened by thrusting due to the eastward
subduction of the Eurasian Plate. The westward migration of the thrust front is
well recorded in the sedimentary successions in western Taiwan.

The preliminary analysis of the aftershock activity suggests that the 1999
Chi-Chi, Taiwan Earthquake occurred along the base of the accreted material and
cuts to the surface on a thrust fault (Suppe, 1981, Sato and Hirata, 1999). We
observed active seismicity at a depth of 10km, which may correspond to the
decollement between the Eurasian Plate and the accretionary wedge (Fig. 7).

According to a teleseismic study, the Chi-Chi Earthquake has a seismic moment
M, of 24X 10 Nm (Mw=7.5) and an average stress drop of 3.3 MPa with an assumed
fault area of 80 <40 km?* (Kikuchi and Yamanaka, 1999). The estimated stress drop,
Ag, is smaller than that of a typical inland earthquake such as the 1995 Hyogoken-
nanbu, Kobe, Earthquake (Ag=10 MPa), but is similar to that of the plate boundary
earthquakes that occur in trench areas. Because the average stress drop, Ag=25
M,/S", where S is the area of the fault, depends on both M, and S, if S is larger than
that used for their estimate, then Agcan be smaller. The small Ag suggests that the
Chi-Chi earthquake has similar characteristics to that of a plate boundary earth-
quake near the oceanic trench. Moreover, Seno (2000) claims that the Chi-Chi
earthquake is a subduction zone earthquake.

There have been several large earthquakes in Taiwan in this century, including
the 1906 Chiayi Earthquake (Ms=6.8) and the 1935 Taichung Earthquake (Ms=7.1),
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between which the Chi-Chi earthquake occurred.. To fully understand the tectonics
that generated the Chi-Chi earthquake, we will need to synthesize both seismic and
geodetic observations, especially data from recent GPS observations (e.g., Yu et al.,
1997).

7. Conclusions

‘We conducted aftershock observations for the 1999 Chi-Chi, Taiwan Earthquake
for two months. We deployed 20 seismic stations in and around the focal area of the
main shock. We continuously recorded ground velocity and later extracted the
aftershock records. We analyzed 736 aftershock records, from which a distribution
of the aftershock hypocenters was derived. Taking lateral heterogeneity of the
crustal structure into account, we obtained clear depth distributions of the hypocen-
ters. The east-dipping distribution is consistent with the fault plane solution of the
main shock. A flat or very low angle distribution of seismicity coincides with the
hypothesized decollement between the accretionary wedge and the upper boundary
of the Eurasian Plate. The data we obtained may provide key information to help
understand the tectonic processes that generate large earthquakes at convergent
plate boundaries.
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Appendix
The present study is part of the Japan-Taiwan Cooperative Research Program,
which was organized after the 1999 Chi-Chi, Taiwan Earthquake. The research
includes a mission from Japan to Taiwan in 1999 and 2000. The following were
members of the mission group from Japan.
(i) Principal Investigator
Naoshi Hirata (the Earthquake Research Institute, the University of Tokyo,
Seismology)
(ii) Geomorphology
Kenshiro Ohtsuki (Graduate School of Tohoku University, Geology)
Yasutaka Ikeda (Graduate School of the University of Tokyo, Geomorphology)
Hiroshi Sato (Earthquake Research Institute, the University of Tokyo, Geology)
(iii) After-effects on the crustal activity '
Shin’ichi Sakai (Earthquake Research Institute, the University of Tokyo, Seis-
mology) '
Shigeru Nakao (Earthquake Research Institute, the University of Tokyo, Geode-
sy) ,
Izumi Ogino (Earthquake Research Institute, the University of Tokyo, Seismolo-
gy) ,
Masaru Kobayashi (Earthquake Research Institute, the University of Tokyo,
Seismology)
Yasuhiro Hirata (Earthquake Research Institute, the University of Tokyo, Geod-
esy)
(iv) Seismotectonics
Tetsuzo Seno (Earthquake Research Institute, the University of Tokyo, Tecton-
ics)
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