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ABSTRACT

We reviewed studies on aftershocks in Taiwan for the following topics: the spatial-temporal distributions and focal-plane
solutions of aftershocks fromof thirty larger earthquakes with magnitudes > 5; the correlations between the mainshock and
the largest aftershock based on dependence of the differences in magnitudes (AM), occurrence times (AT), epicenters (AH),
and focal depths (AD) upon the mainshock magnitude, M,,; magnitude-dependence of p-value of Omori’s law of aftershocks;
the correlation between the b-value of the Gutenberg-Richter’s frequency-magnitude law and the p-value; application of
the epidemic-type aftershock sequences (ETAS) model to describe the aftershock sequence; the mechanisms of triggering
aftershocks; and dynamic modeling of aftershocks. The main results are: (1) The spatial distribution of aftershocks for some
earthquakes is consistent with the recognized fault; (2) Unlike Bath’s law, AM slightly increases with M,,; (3) AT does not
correlate with M,,; (4) AD does not correlate with M,,; (5) AT somewhat increases with AD; (6) The p-value slightly increases
with M,; (7) There is a negative correlation between the b- and p-values. (8) There was seismic quiescence over a broader
region of Taiwan before the 1999 Chi-Chi earthquake; (9) Both the static and dynamic stress changes trigger aftershocks; and
(10) Dynamic modeling shows that a decrease in elastic modulus is a significant factor in triggering aftershocks.
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1. INTRODUCTION
An aftershock is a smaller event that occurs after a pre- with time, t, in the following form:
vious large earthquake, i.e., the mainshock, in the source
area. Except for swarms, most moderate and large earth- n( =k /(t +7) (1)

quakes are often followed by aftershocks. Figure 1 shows

an example of the aftershock spatial distribution occurring

within about three months after the 1999 M,7.6 Chi-Chi, where k and T are two constants. This power law with a
Taiwan, earthquake (Ma et al. 1999; Shin and Teng 2001; scaling exponent of 1 is called the Omori’s law which is
Wang et al. 2005). Figure 2 displays the temporal variations the first scaling law in both seismology and earth sciences.
in earthquake magnitude (Fig. 2a) and the number of events From experimental results, Utsu (1957) observed that the
(Fig. 2b) for aftershocks shown in Fig. 1. Clearly, the earth- number of aftershocks decays with Omori’s power law in
quake magnitudes and frequency of events both decrease the earlier stage but exponentially in the latter stage. Utsu
with time. Omori (1894a, b) first observed the decay in the (1961) modified the Omori’s law to be:

number of aftershocks and proposed a power-law function

to describe the variation in the number of aftershocks, n(t), n(t)=k / (t+71)? 2)

* Corresponding author where p is the scaling exponent of the power-law function to
E-mail: jhwang @earth.sinica.edu.tw modify the decay rate and typically falls in the range 0.3 - 2.0
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and often close to 1. The solid line in Fig. 2b exhibits the in-
ferred modified Omori’s law with k = 10000.0, T = 0.8 day,
and p = 1.02. Since some larger aftershocks can also generate
their own aftershocks, the aftershock sequences, especially
for large mainshocks, are usually very complicated, as shown
in Fig. 2b. Hence, other functions have been also applied to
describe aftershock sequences (cf. Utsu et al. 1995). Based
on the multifractal stress activation (MSA) model which is
based on thermally activated rupture and long memory stress
relaxation, Ouillon and Sornette (2005) found a linear in-
crease in the p-value with the mainshock magnitude, M,,.

Of course, the definition of an aftershock unavoidably
contains a degree of arbitrariness because of implied and
imprecise temporal and spatial limits. Hence, several au-
thors (e.g., Gardner and Knopoff 1974; Molchan and Dmi-
trieva 1992) have proposed alternative algorithms for the
selection of aftershocks.

Therefore, for both academic interests and practical
needs, it is significant to explore the physical aftershock
triggering processes, the transition from a mainshock to its
aftershocks, and the transition from aftershock activity to
background seismicity and to understand larger aftershocks
because they can also cause damage (cf. Reasenberg and
Jones 1989). It is difficult to predict an earthquake, but it
might be possible to forecast larger-sized aftershocks after a
mainshock. For academic interests and practical needs, it is
necessary to study the temporal-spatial distribution of after-
shocks for an earthquake, the correlations between the main-
shocks and aftershocks (especially for the largest aftershock),
magnitude-dependence of the p-value, and the correlation be-
tween p- and b-values of the Gutenberg-Richter’s frequency-
magnitude law (Gutenberg and Richter 1944) which is de-
noted by the GR law hereafter. In addition, it is significant to

explore statistical and physical models of aftershocks.
Although Wang (2013, 2014) observed the short-term

memory effect for M = 6 mainshocks, others (see Len-

nartz et al. 2011, and cited references therein) stressed the
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Fig. 1. The 1999 M,7.6 Chi-Chi earthquake (shown by a solid star) and
its aftershocks (displayed by open circles) occurred within 100 days
after the mainshocks. The solid curve near the epicenter of mainshock
denotes the Chelungpu fault.
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Fig. 2. The earthquake magnitude plots (a) and n(t) (b) versus t for the aftershocks shown in Fig. 1. The solid curve displays the modified Omori’s

law with k = 10000.0, t = 0.8 days, and p = 1.02 inferred from the data.
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importance of long-term memory effect for aftershocks. The
correlations between mainshock and aftershocks must be an
important issue in seismology. Béath (1965) observed that
the difference (AM) between the magnitude (M,,) of main-
shock and that (M,) of its largest aftershock is ~1.2. This is
the so-called “Bath’s law”. Originally, AM is considered to
be independent of M,,. But, further studies (see Chen and
Wang 2012, and cited references therein) show that AM
slightly increases with M,, and depends on the time of oc-
currence, seismogenic zone, heat flow, and focal depth of
the mainshock. Helmstetter and Sornette (2003) assumed
that the Béth’s law originated from the selection procedure
taken to define mainshocks and aftershocks rather than from
any difference in the mechanisms controlling M,, and M,.
Using numerical simulations based on the epidemic-type
aftershock sequences (ETAS) model proposed by Kagan
and Knopoff (1981, 1987), Helmstetter and Sornette (2003)
found that this model leads to Béth’s law in a certain range
of model parameters.

Utsu (1961) could not find a positive correlation be-
tween AT, which is the difference in occurrence times be-
tween a mainshock and its largest aftershock, and M,, for Ja-
pan’s earthquakes. Bath (1984) observed that the frequency
of earthquake sequence decreases with increasing AT for
Fennoscandian earthquakes. Chen and Wang (2012) studied
the dependence of the epicentral distance (AD) and the dif-
ference in focal depths (AH) between a mainshock and its
largest aftershock upon M,,,.

Four approaches are used to study aftershock activi-
ties. The first one is the comparison between the calculated
spatial stress tensor change (including both static and dy-
namic triggering) caused by the mainshock and the spatial
distribution of aftershocks (e.g., King et al. 1994; Kilb et al.
2000; Stein 2003; Freed 2005; Felzer and Brodsky 2006;
Wang et al. 2010, 2013). The second one is statistical analy-
sis (e.g., Kagan and Knopoff 1981; Ogata 1988; Utsu et al.
1995). The third one is aftershock modeling based on crack
models (e.g., Miyatake 1985; Yamashita and Knopoff 1987;
Shaw 1993; Ziv and Rubin 2003; Shcherbakov and Turcotte
2004) the self-organized criticality model (e.g., Bak and
Tang 1989; Huang et al. 1998), and dynamic spring-slider
models (e.g., Knopoff et al. 1982). The forth one is the ap-
plication of rock fracture experiments on understanding af-
tershocks (e.g., Mogi 1962; Scholz 1968; Hirata 1987; Main
et al. 1992; Shearer 2012).

Studies concerning the following topics are reviewed in
this work: the spatial-temporal distributions of aftershocks
in some Taiwan’s larger earthquakes with magnitudes > 5;
the correlations between a mainshock and its largest after-
shock in terms of source parameters such as M,,, AM, AT,
AD, and AH; magnitude-dependence of p-value; the cor-
relation between the b- and p-value; the application of the
ETAS model to describe aftershocks; the mechanisms of af-
tershock triggering; and aftershock dynamic modeling.

2. SEISMIC OBSERVATIONS IN TAIWAN

Taiwan (from 119 - 123°E and 21 - 26°N) is located at
the juncture of the Eurasian and Philippine Sea plates (Tsai
et al. 1977; Wu 1978; Lin 2002). High and heterogeneous
seismicity in Taiwan makes the region one of the best natu-
ral laboratories for seismological studies. Hence, seismic-
ity studies have been performed in Taiwan for a long time
(Wang 1988, 1998, 2008; Wang and Shin 1998).

Damage reports for earthquakes that occurred before
1896 are available only from historical documents (cf. Hsu
1983). In 1897 when the Japanese occupied Taiwan, routine
seismological observations were started at Taihoku (Taipei)
Meteorological Observatory (TMO), which was a local of-
fice of the Central Meteorological Observatory (CMO), Ja-
pan. A history on the seismic network construction during the
Japanese period can be found in Shin and Chang (2005, and
cited references herein). A simple description is given be-
low. Japan’s seismologists installed the first seismometers in
Taiwan, constructing 17 stations, each equipped with three-
component, low-gain displacement seismometers. Old-fash-
ioned accelerometers were also installed at some stations.
All seismic records were in the analog form. The clocks at
the stations were not synchronized because the technicians
at the local stations individually timed the clocks. This is the
main shortcoming of the network. There were remarkable
errors for the arrival times, thus resulting in high uncertainty
in earthquake location (Chan and Wang 1990). At the end of
the Second World War, this seismic network was transferred
to the Taiwan Weather Bureau (TWB), which is now the
Central Weather Bureau (CWB) (see Lee 1985). An earth-
quake data bulletin including the phases and arrival times
has been published since 1953 (four volumes annually) by
the TWB and later by the CWB. The magnitude scale used in
this period was Hsu’s magnitude, i.e., My, which is compa-
rable with the surface-wave magnitude, M, (Wang 1992).

From 1973 - 1992, the Taiwan Telemetered Seismo-
graphic Network (TTSN) was operated by the Institute
of Earth Sciences, Academia Sinica (ASIES) (see Wang
1989). This network consisted of 24 stations, each equipped
with a vertical, high-gain, analog velocity seismometer. An
earthquake catalogue including four volumes per year was
published by the ASIES. The magnitude scale used in this
period was the duration magnitude, My (Wang 1992).

In 1991, the Taiwan Seismic Network (TSN), operated
by the CWB, was upgraded from the old CWB seismic net-
work. Many new seismic stations were constructed. In 1992,
the TTSN was merged into the TSN. At present the TSN is
composed of 72 stations, each equipped with three-compo-
nent, digital velocity seismometers (see Shin 1992). These
seismograms record in both high- and low-gain forms. This
network provides high-quality digital earthquake data. The
TSN’s magnitude scale is the simulated local magnitude,
M; (Shin 1995).
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In addition, the Taiwan Strong Motion Instrumenta-
tion Program (TSMIP) is operated by the CWB. For details
about this network, see Liu et al. (1999) and Shin and Chang
(2005). This network consists of about 1000 stations, each
equipped with tri-axial force-balanced accelerometers, with
a full scale of +2 g. The accelerograph used is mainly the
Teledyne Geotech A900, which has a flat instrument re-
sponse with a high-cut filter at 50 Hz. Some stations have
recently been equipped with other types of accelerographs.
The recordings are digitized with 16-bit resolution at 200
samples per second. Together with the data reported by the
TSN, the recordings from this network were used to locate
the events plotted in Fig. 2.

As mentioned above, the earthquake magnitudes used
in various time periods are different: My in the TMO and
TWB periods, My, in the TTSN period, and M, in the CWB
period. Wang (1992) studied the relationships between two
earthquake magnitudes. Shin (1993) inferred a formula to
calculate the local magnitude, M;, to quantity earthquakes
in Taiwan from the simulated Wood-Anderson seismograms
of the short-period seismograms. Shin (1993) also related
M, to other earthquake magnitudes, including My, used in
the TTSN period. In order to study the spatial-temporal dis-
tributions and modified Omori law of aftershocks, a lower-
bound magnitude, M., is usually necessary for taking data.
Since different earthquake magnitudes were used in various
time periods, M, should be different in respective time peri-
ods. Hence, the spatial-temporal distributions and modified
Omori laws of aftershocks for the mainshocks that occurred
in various time periods must be carefully compared.

3. STUDIES OF AFTERSHOCKS FOR INDIVIDUAL
EARTHQUAKES

Historical earthquakes (e.g., Hsu 1983) are not reviewed
here due to higher uncertainty in the earthquake locations.
We only considered the instrumentally-recorded aftershocks
studied by a researcher or group of researchers and the re-
sults formally published in research papers and/or technical
reports. Based on the occurrence times of the mainshocks,
seismic observations are divided into four periods, i.c., the
TMO, TWB, ASIES, and CWB periods. The focal depth
of an event is denoted by the symbol “H”. The strike, dip
and rake of the fault-plane solution for an event are denoted,
respectively, by 0, ¢, and A. In the following, the symbol
“h” is used to denote the hour. For some earthquakes, the
surface-wave magnitude, M, and body-wave magnitude, m,,
are also given. The source parameters and geographic loca-
tion for each mainshock in use are listed in Table 1. The
epicenters of mainshocks in use are shown in Fig. 3. Three
kinds of circles with different size denote three magnitude
ranges: large size for M = 7, moderate size for 6 <M < 7,
and small size for 5 <M < 6. The number inside each circle
denotes the number of event listed in Table 1.

3.1 Earthquakes Occurred in the CMO (or TMO)
Period

3.1.1 The Meishan Earthquake of 17 March 1906

An earthquake with My7.1 was located at (20°N,
122°E). The mainshock, aftershocks, and damages were re-
ported in the Special Report of the CMO. Omori (1907a, b,
1908) studied several larger aftershocks.

3.1.2 The Offshore Ilan Earthquake of 2 September
1922

An earthquake with My7.7 was located at (24.6°N,
122.2°E). Nakamura (1922) studied its largest aftershock
with My7.1.

3.1.3 The Hsinchu-Taichung Earthquake of 21 April
1935

An earthquake with My7.1 was located at (24.33°N,
120.63°E) with H = ~10 km (Kawasumi and Honma 1936).
The studies about the mainshock, aftershocks and damage
were also given in the following journals and reports: (1)
The Supplementary Volume of Bulletin of the Earthquake
Research Institute, Tokyo Imperial University in 1936; (2)
Report of the Hsinchu-Taichung Earthquake in Quarterly
Journal of Seismology (Vol. 9, No. 1) published by the
CMO in 1935; (3) Special Report of the TMO in 1936; and
(4) A report of damage by the Government of Taiwan in
1936. Yen (1985) described the earthquake and related local
geology. Sheu et al. (1982) and Huang and Yeh (1992) stud-
ied the earthquake fault mechanism and slip model. Huang
and Yeh (1992) measured the seismic moment and stress
drop of the July 17 aftershock. Nasu (1936a) observed that
most of the aftershocks, with H = ~0 km, occurred from
August to December in 1935 and located to the west of the
earthquake fault. Some shallow aftershocks with H < 5 km
occurred very close to the earthquake fault and in the hang-
ing wall. Nasu (1936b) reported the aftershock activity from
21 April to 31 August 1935. Lee et al. (1985) relocated the
15 relatively larger aftershocks. Since they did not show the
spatial distribution of those events, we cannot further dis-
cuss their results.

3.1.4 The Chungpu, Chiayi Earthquake of 17 December
1941

An earthquake with My7.1 was reported by the CMO
in 1942. About 1257 aftershocks occurred from 19 De-
cember 1941 to 28 February 1942 and the number of after-
shocks decayed with time. Cheng et al. (1996) re-located the
mainshock, whose epicenter is (23.40°N, 120.46°E) with
H = 12 km, and 50 aftershocks and also determined the
fault-plane solutions of some large aftershocks.
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3.2 Earthquakes Occurred in the TWB Period

3.2.1 The Haulien Earthquake of 22 October 1951 (21
October, 21 h 34 m GMT)

An earthquake with My7.3 was located at (23.80°N,
121.70°E). Su (1985) showed that aftershocks were located
almost on a plane with ¢ = 45° dipping to the east. Chen et
al. (2008a) reported a group of M6+ aftershocks nearby.
The My6.0 Chihshang earthquake occurred 34 days later
and 100 km away from the mainshock. The My7.3 Yuli
earthquake followed 3 minutes later and 5 km away from
the Chihshang event. Two days later, the My6.0 Taitung
earthquake shocked a region 40 km away from the preced-
ing My6 event and completed the sequence.

3.2.2 The Offshore Hengchun Earthquake of 15 August
1959

An earthquake with My7.1 was located at (21.7°N,
121.3°E) with H =20 km. Lu (1960) observed that the earth-
quake aftershocks were located along the NW-SE direction
and the number of aftershocks decayed with time.

3.2.3 The Paiho Earthquake of 18 January 1964

An earthquake with My6.3 was located at (23.2°N,
120.6°E) with H = 18 km. Hsu and Lu (1969) observed that
236 aftershocks were located along the NW-SE direction
with relative to the mainshock.

Table 1. Source parameters of mainshocks used in this study: date, epicenter, focal depth
(H), earthquake magnitude (M), and geographic location.

No. Date Epicenter (°N, °E) H (km) M Geographic Location
1 1906/03/17 (20.00°N, 122.00°E) M,7.1 Meishan
2 1922/09/02 (24.60°N, 122.20°E) My7.7 Offshore Ilan
3 1935/04/21 (24.33°N, 120.63°E) 10 M;7.1 Hsinchu-Taichung
4 1941/12/17 (23.40°N, 120.46°E) 12 My7.1 Chungpu
5 1951/10/22  (23.80°N, 121.70°E) My7.3 Haulien
6 1959/08/15  (21.70°N, 121.30°E) 20 M,7.1 Offshore Hengchun
7 1964/01/18  (23.03°N, 120.01°E) 18 M,;6.3 Paiho
8 1972/04/24  (23.50°N, 121.40°E) 20 Mp6.9 Juisui
9 1973/12/24  (24.21°N, 121.22°E) Mp5.3 Tachien
10 1976/04/14  (23.35°N, 120.70°E) 7.7 M,5.3 Wufeng
11 1978/07/23  (22.35°N, 121.33°E) 6.1 M,6.8 Lanhsu
12 1983/05/10  (24.46°N, 121.51°E) 12 Mp5.7 Taipingshan
13 1986/05/20  (24.08°N, 121.59°E) 10.0 Mp5.9 Hualien
14 1986/11/14  (23.99°N, 121.83°E) 139 Mp7.2 Offshore Haulien
15 1990/12/13  (23.88°N, 121.55°E) 8.0 Mp6.7 Hualien
16 1991/03/12  (23.25°N, 120.08°E) 11.8 M,5.7 Chiali
17 1992/04/19  (23.84°N, 121.57°E) 8.1 M,5.6 Shilin
18 1992/04/20 (24.45°N, 120.71°E) 8.8 M,5.2 Sanyi
19 1992/05/28 (23.13°N, 121.35°E) 13.7 M;5.2 Chenkung
20 1992/07/07 (24 40°N, 121.73°E) 27.8 M,5.2 Nano
21 1993/12/15 (23.21°N, 120.52°E) 12.5 M;5.7 Tapu
22 1994/09/16  (22.43°N, 118.47°E) 13.0 M, 6.5 Taiwan Strait
23 1998/07/17  (23.50°N, 120.66°E) 2.8 M, 6.2 Ruey-Li
24 1999/09/20  (23.85°N, 120.82°E) 8.0 M,7.3 Chi-Chi
25 1999/10/22  (23.52°N, 120.42°E) 16.6 M, 64 Chia-Yi
26 2003/12/10  (23.10°N, 121.34°E) 10.0 M, 6.8 Chengkung
7 2006/12/26  (21.67°N, 120.56°E) 440 M, 7.1 Pingtung
2006/12/26  (2197°N, 12042°E) 500  M,69
28 2008/03/04  (23.20°N, 120.71°E) 11.3 M52 Taoyuan
29 2010/03/04  (22.97°N, 120.71°E) 22.6 M, 6.4 Jiashan
30 2013/10/31  (23.54°N, 121.39°E) 14.6 M, 64 Offshore Hualien
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Fig. 3. The earthquake epicenters used in section 3. Three kinds of
circles with different size denote three magnitude ranges: large size
for M = 7, moderate size for 6 <M < 7, and small size for 5 <M < 6.
The number inside each circle denotes the event numbers listed in
Table 1.

3.3 Earthquakes Occurred in the ASIES Period
3.3.1 The Juisui Earthquake of 24 April 1972

An earthquake with Mp6.9 was located at (23.50°N,
121.40°E) with H = 20 km. Lu et al. (1976) reported that the
mainshock showed thrust faulting; 394 aftershocks were lo-
cated almost to the north of the mainshock and the number of
aftershocks decayed with time. The epicentral distribution of
eleven aftershocks re-located by Chiang et al. (1986) shows
NNE-SSW-striking, with southeastward increase in focal
depths. Focal-plane solutions exhibit thrust faulting with the
maximum stress in the NW-SE direction. Wang et al. (1992a)
observed that the earthquake sequence occurred on the bound-
ary between the Eurasian and Philippine Sea Plates.

3.3.2 The Tachien Earthquake of 24 December 1973

An earthquake with Mp5.3 was located at (24.21°N,
121.22°E). Lu (1974) observed that the fault-plane solution
exhibits a left-lateral strike-slip fault with 6 = N24°W and
¢ = 80°NE, and the focal depths of aftershocks range from
0 - 8 km, with the peak frequency at a depth of 5 km.

3.3.3 The Wufeng Earthquake of 14 April 1976

An earthquake with Mp5.3 was located at (23.35°N,
120.70°E) with H = 7.7 km. Yu et al. (1977) observed that

most of the aftershocks were located between the Chashan
thrust fault and the Tatou fault and exhibited N-S-trending.
The aftershock distribution and fault-plane solutions sug-
gest a thrust fault with 6 = N5°E and ¢ = 60°W. However,
the earthquake fault is not one of the two known faults.

3.3.4 The Lanhsu Earthquake of 23 July 1978

An earthquake with Mp6.8 was located at (22.35°N,
121.33°E) with H = 6.1 km. Lee and Tsai (1981) observed
that some aftershocks show strike-slip faulting, yet not for
others. Aftershock activity lasted, at least, for one year.
Chou and Wang (1992) inferred that the mainshock con-
sisted mainly of two sub-events, and aftershocks happened
in the area which did not fail during the mainshock.

3.3.5 The Taipingshan, Ilan, Earthquake of 10 May
1983

An earthquake with Mp5.7 was located at (24.46°N,
121.51°E) with H = 1.2 km. Chen and Wang (1984) ob-
served that the mainshock was a normal fault (0 = N36°W
and ¢ = 40°SW) which agrees with the trend of the after-
shock zone (about 30 km long and 11 km wide). Larger
foreshocks and My, = 4 aftershocks were located mainly to
the north of the mainshock.

3.3.6 The Hualien Earthquake of 20 May 1986

An earthquake with Mp5.9 was located at (24.08°N,
121.59°E) with H = 10 km. Chen and Wang (1986) showed
that the mainshock was a thrust fault (0 = N35°E and
¢ = 60°SE). The hypocentral distribution of the earthquake
sequence displays a plane, whose extension upward to the
ground surface meets a known fault, extending about 23 km
in depth with ¢ = ~60°SE. Liaw et al. (1986) observed two
clusters of aftershocks. In one cluster, the composite fault-
plane solution shows 6 = N26°E and ¢ = 80°SE. The hypo-
central distribution shows a high-angle dip to the southeast.
Wang et al. (1989) observed that the coda-Q was lower for
aftershocks than for foreshocks, thus indicating an increase
in crustal inhomogeneities after the mainshock.

3.3.7 The Offshore Haulien Earthquake of 14
November 1986

An earthquake with Mp6.1 (M,7.8) was located at
(23.99°N, 121.83°E) with H = 13.9 km. Chen and Wang
(1988) observed that this earthquake was about 27 km
to the ESE of the May 20 event and showed a thrust fault
(6 = N33°E and ¢ = 58°SE) which is similar to that of the
May 20 event. The aftershock distribution of this earthquake
overlapped with that of the May 20 event, and the related fault
dips to the southeast and extends to a depth of about 38 km.
This is consistent with the result by Wang et al. (1992b).
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3.3.8 The Hualien Earthquake of 13 December 1990

An earthquake with Mp6.7 was located at (23.88°N,
121.55°E) with H = 8 km. Wang et al. (1992b) observed
that the distribution of aftershocks exhibits a plane dipping
to southeast.

3.4 Earthquakes Occurred in the CWB Period
3.4.1 The Chiali Earthquake of 12 March 1991

An earthquake with M;5.7 was located at (23.25°N,
120.08°E) with H = 11.8 km. Shin et al. (1994) reported that
the earthquake shows left-lateral strike-slip faulting (0 =315°,
¢ =60°, and h = -5°). The highest number of aftershocks ap-
peared on 12 March, and the number then decayed with time.
The hypocentral distribution of relocated aftershocks shows
a fault plane with ¢ = 60° to the northeast.

Ma and Chen (1999) found that except for one event,
the focal-plane solutions of numerous aftershocks exhibit an
N-S-striking and N-W-dipping thrust fault.

3.4.2 Earthquakes Occurring in 1992

Shin and Chang (1992) studied the focal-plane solu-
tions and spatial distributions of aftershock activities of four
M, = 5 earthquakes in 1992. The M, 5.6 Shilin earthquake of
19 April was located at (23.84°N, 121.57°E) with H= 8.1 km
and showed a thrust fault (8 = 195°, ¢ =45° to the west, and
A =20°). The M, 5.2 Sanyi earthquake of 20 April was located
at (24.45°N, 120.71°E) with H = 8.8 km and showed a thrust
fault (0 = 280°, ¢ =35° to the N, and A = -145°). The M54
Chenkung earthquake of 28 May was located at (23.13°N,
121.35°E) with H = 13.7 km and showed a thrust fault
(60 =20°, ¢ =60° to the SE, and A = 40°). The M, 5.2 Nanao
earthquake of 7 July was located at (24.40°N, 121.73°E) with
H = 27.8 km and showed a thrust fault (6 = 20°, ¢ = 75° to
the SW, and A = 35°).

3.4.3 The Tapu Earthquake of 15 December 1993

An earthquake with M;5.7 was located at (23.21°N,
120.52°E) with H = 12.5 km (Chang and Shin 1994). Kuo et
al. (1994) observed that the earthquake occurred on a thrust
fault (0 =213°, ¢ =40°, and A = 96°) based on the aftershock
distribution. From the focal-plane solution, Shin (1995) ob-
served that the earthquake is a thrust fault (6 = 200°, ¢ =40°,
and A = 90°) and most of the aftershocks with M; > 4 had a
faulting type similar to the mainshock. The source parameters
of five larger aftershocks inferred by Shin (1995) suggested a
thrust fault (0 =20°, ¢ =48°, and A = 84°).

3.4.4 The Taiwan Strait Earthquake of 16 September
1994

An earthquake with M;6.4 (m,6.5, M,7.3) was located
at (22.43°N, 118.47°E) with H = 13 + 3 km. Kao and Wu
(1996) found that the earthquake is a high-angle normal fault
(6 =103°, ¢ =55°,and A = -74°) and the aftershock distribu-
tion suggests an S-dipping fault plane. They also deeply dis-
cussed the tectonic implication of the earthquake sequence.
Chen et al. (1996) plotted the spatial distribution of its af-
tershocks with M; = 3 occurred from 16 September 1994 to
31 May 1995 recorded by the Fujian Seismic Network. Like
Kao and Wu (1996), their result also suggests an S-dipping
fault plane, even though the data points are scattered. Chen
et al. (1996) also inferred the modified Omori law, with
T =0.96 day and p = 0.50, from the aftershock sequence.

3.4.5 The Ruey-Li, Chia-Yi, Earthquake of 17 July 1998

An earthquake M;6.2 was located at (23.50°N,
120.66°E) with H = 2.8 km. Chen et al. (1999) observed an
S-E-dipping aftershock hypocenter distribution.

3.4.6 The Chi-Chi Earthquakes of 20 September 1999

An earthquake with M;7.3 (M,7.6) was located at
(23.85°N, 120.82°E) with H = 8 km (Ma et al. 1999; Shin and
Teng 2001; Wang et al. 2005). Figure 1 displays the epicen-
teral distribution of the mainshock and aftershocks that oc-
curred within about 3 months after the mainshock. Figure 2
displays the temporal variations in earthquake magnitude
(Fig. 2a) and n(t) (Fig. 2b) for aftershocks shown in Fig. 1.
Clearly, the earthquake magnitudes and numbers of events
both decrease with time. The solid line in Fig. 2b exhibits
the inferred modified Omori law with k = 10000.0, T =0.8
day, and p = 1.02.

From the plot of frequency versus magnitude for 296
aftershocks with M; = 3.4 within the first hour after the
mainshock, Chang et al. (2007) concluded that the catalog
is complete when M, = 4.3 and the b-value is about 1 for
4.3 < M, < 6. Most of the aftershocks occurred in a small-
slip area immediately to the north of the mainshock and mi-
grated downward from the mainshock hypocenter. Later in
the hour, the aftershocks began to concentrate in the fringe
area of the main rupture.

From more than 40 relocated aftershocks and their
fault-plane solutions together with subsurface geology, Kao
and Chen (2000) showed that the dominant seismogenic
structure is a thrust fault with ¢ = 20 to 30° away from the
deformation front. A second, sub-parallel seismic zone lies
about 15 km below the main thrust. These seismic zones
differ from previous models, indicating that both the basal
decollement and relic normal faults are aseismic.

From re-located aftershocks and their focal-plane solu-
tions, Chen et al. (2002) observed that the hypocenters can
clearly define the geometrical structure of related faults. The
mainshock and two large aftershocks with M; = 6.8 are all
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thrust faulting on an N-S-striking fault plane dipping to the
east. A group of deeper aftershocks with two moderate events
(M, = 6.3 and 6.0, respectively) exhibits a conjugate-fault
system in the southern part of the source area, that is, a west-
ward-dipping fault related to the two moderate aftershocks is
conjugate to the eastward-dipping Chelungpu fault.

Chen et al. (2006) correlated the b-value to the frac-
tal dimension (cf. Mandelbrot 1982; Wang and Lee 1996,
1997; Turcotte 1997), D, of hypocenters of aftershocks.
Over 6 months after the main shock there was a positive
correlation between b and D, which is in agreement with the
relation D = 3b/c proposed by Aki (1981), yet opposite to
those by Hirata (1989) and Wang and Lee (1996).

Based on the Z-test (Meyer 1975), Wu and Chen (2007)
observed that the seismicity before and after the mainshock
exhibited “seismic reversal” proposed by Shebalin and Kei-
lis-Borok (1999). In Period I (from 1994 - 1998), normal
seismicity pattern of most of the epicenters occurred in east-
ern Taiwan. From 1 January 1999 to 19 September 1999, the
pattern indicated an abnormal stage of “seismic reversal”
for the critical condition of the Chi-Chi earthquake. From
20 September 1999 to the end of 2001, seismicity marked
a re-adjustment phase of crustal stress by the presence of a
large number of aftershocks. From 2002 - 2005, seismicity
diffused from Central Taiwan to the other areas and finally
returned to eastern Taiwan.

Huang and Wang (2002, 2009) and Huang et al. (2002)
measured the seismic radiation energy, E;, and seismic mo-
ment, M,, of twenty-two aftershocks with 5.1 < M| < 6.5.
They eliminated the site effect (Huang et al. 2005) and finite
frequency band width limitation effect (Wang and Huang
2007). Results are E; = 2.0 x 10" - 8.9 x 10*' g cm? sec?
and M, = 1.3 x 10% - 1.4 x 10%* g cm? sec?, which give the
scaled energy E/M,=7.4 x 10 - 2.6 x 10*. They found that
EJ/M, depends upon M; when both E; and M, are evaluated
from local seismograms; while E/M, is independent of M,
when M, is estimated from teleseismic data. E/M, slightly
depends on the focal depth, h (in km). In addition, the corner
frequency, f,, ranges from 0.15 - 1.34 and M, ~ f.3,

The 3-D velocity models inferred by Kim et al. (2010)
showed that the mainshock occurred within a narrow low-
velocity zone along the Chelungpu fault. A sudden increase
in velocity and seismicity took place across the Shuilikeng
fault to the east. Most aftershocks were located in areas of
high V; and high Vs. A sharp east-dipping zone extending
from the surface trace of the Shuilikeng fault to a depth of
~15 km separates the low-velocity region in the west from
the high-velocity region in the east. An apparent high-an-
gle, west-dipping seismic zone lies at depths of 15 - 30 km
beneath the western Central Range. Numerous aftershocks
with normal faulting were located to the west of the middle
segment of the Chelungpu fault.

Lee et al. (2013b) observed that the distribution of in-
tercurrence times between aftershocks follow a non-homo-

geneous Poisson process. Based on the Omori time concept,
which is defined as the mean inter-event time over a fixed
number of aftershocks, they found that during the period
1999 after the mainshock to 2008, the seismicity rate de-
cayed with the exception of a burst of seismicity in 1999.
The distribution of Omori times during 2000 - 2008 was
in good agreement with the theoretical expectation. During
1994 - 1999, the seismicity rate was relatively stable.

3.4.7 The Chia-Yi Earthquake of 22 October 1999

An earthquake with M; 6.4 was located at (23.52°N,
120.42°E) with H = 16.6 km. Chen et al. (2008b) recog-
nized two major clusters of aftershocks with H = 10 - 16
km. One cluster with 6 = 32° and ¢ = 90° is related to the
Meishan fault along which the 1906 earthquake ruptured.
The other with 6 = 190° and ¢ = 64° to the west exhibits
a west-verging reverse fault, in contrast to previous expec-
tation of east-vergence. The focal-plane solutions of larger
aftershocks together with the 3-D distribution of all events
during 1990 - 2004 suggest un-recognized seismogenic
zones in the area.

3.4.8 The Chengkung Earthquake of 10 December 2003

An earthquake with M;6.8 was located at (23.10°N,
121.34°E) with H = 10.0 km. From relocated aftershocks
and the focal-plane solutions of several larger aftershocks,
Kuochen et al. (2007) divided the Chengkung earthquake
sequences into three seismic clusters: (1) a main cluster co-
incided with the east-dipping background seismicity; (2) a
small cluster beneath the southern end of the Chihshang fault;
and (3) a cluster on the western side of the Luyeh fault.

3.4.9 The Pingtung Offshore Earthquake Doublets of 26
December 2006

Two earthquakes with M; 7.1 and M; 6.9, respectively,
occurred offshore Pingtung, southwestern Taiwan. The first
one occurred at 1226 UTC and was located at (21.67°N,
120.56°E) with H = 44 km. Eight minutes later, the second
one happened at (21.97°N, 120.42°E) with H = 50 km. The
latter was about 36 km to the north-northeast of the former.

Chen et al. (2008¢c) observed that a total of 1774 af-
tershocks occurred within one month after the mainshocks.
They relocated the two mainshocks and 46 larger after-
shocks. Wu et al. (2009) found that the first mainshock is a
normal-faulting event caused by the bending of the subduct-
ing lithosphere; while the second one is a strike-slip event
triggered by the first one.

3.4.10 The Taoyuan Earthquake of 4 March 2008
An earthquake with M;5.2 was located at (23.20°N,
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120.71°E) with H = 11.3 km. The mainshock triggered sever-
al hundred aftershocks with 0.4 < M, <4.8. From re-located
aftershocks, Lin (2010) observed that the major fault plane
showed NE-SW-striking and S-E-dipping. From the after-
shock spatial distribution, the major fault plane is ~10 km
long along the strike and 10 km wide in the dip direction.

Shih et al. (2014) observed that relocated aftershocks
formed clusters, and an area with low aftershock activity
was beneath the mainshock. The aftershock distribution
suggests a southeast-dipping fault plane, which is consistent
with one of the nodal planes of the focal-plane solution for
the mainshock. Relocated aftershocks are mainly located at
the hanging wall side of the mainshock and showed a fault
with 0 = N37°E and ¢ = 45°SE. They related this earth-
quake sequence to the Ne-In fault, which is a northern ex-
tension of the Chishan fault.

3.4.11 The Jiashian Earthquake of 4 March 2010

An earthquake M;64 was located at (22.97°N,
120.71°E) with H = 22.6 km. Chan and Wu (2012) observed
that the seismicity rate in southern Taiwan was significantly
higher after than before the mainshock, and the aftershocks
decayed following Eq. (2) with k = 100, T = 63.1 days,
and p = 0.74 estimated from the aftershocks with M, > 1.7
and H =< 40 km. The results suggest that aftershock activity
might last until the end of 2012. Lee et al. (2013a) inferred
a complex rupture process with several slip patches distrib-
uted inside two main asperities. They also found that most
aftershocks occurred near the upper boundary of the deeper
asperity and no aftershock was located close to the shallow
one.

3.4.12 The Offshore Hualien Earthquake of 31 October
2013

An earthquake with M;6.7 was located at (23.54°N,
121.39°E) with H = 14.6 km. From relocated events, Xie
et al. (2015) observed that the aftershocks occurred to the
north of the mainshock and their focal depths increased
from west to east.

3.5 Blind Faults Recognized from Spatial Distribution
of Aftershocks

A blind fault is an unexposed fault, because it does not
cut the ground surface. This type of fault was not paid much
attention by geologists and seismologists before it ruptures.
Hence, a blind fault can easily cause serious hazards. Dam-
age produced by blind faults was not recognized until the
1989 Loma Prieta, 1992 Landers, and 1994 Northridge
earthquakes in California, USA. Hence, the study and iden-
tification of a blind fault is important not only for academic
interests but also for social needs in seismically active re-

gions, like Taiwan. A blind fault can be recognized from
the spatial distribution of a mainshock and its aftershocks
(cf. Chen et al. 2010). Some mainshocks, such as the 1973
Tachien, 1976 Wufeng, 1993 Tapu, 1998 Ruey-Li, and
1999 Chi-Yi earthquakes, and their respective aftershocks
mentioned above occurred on blind faults.

4. CORRELATIONS BETWEEN MAINSHOCKS
AND THE LARGEST AFTERSHOCKS

Studies of the relationships between the mainshock
and its aftershocks are significant for understanding the
earthquake source rupture processes. For this purpose, it is
necessary to set up criteria of space and time windows for
selecting reliable aftershocks. According to the relationship
between the aftershock area and M,, inferred by Tajima and
Kanamori (1985), Wang and Wang (1993) took 100 days
and 50 km to be the time and space windows, respectively,
for selecting aftershocks. However, their magnitude scales
were not uniform: My for the events during 1901 - 1978
from Hsu (1971, 1980, 1985), and M for those during 1977
- 1991 from the Earthquake Data Report (EDR) of United
States Geological Survey (USGS). Nevertheless, their re-
sults are acceptable because Wang (1992) stressed that My
is similar to M. Meanwhile, the number of pre-1972 events
was small.

Chen and Wang (2012) studied the correlations between
mainshocks and their largest aftershocks for Taiwan earth-
quakes based on a more reliable data set. They took 100 days
as the time window for the selection of aftershocks. Since
earthquake location is more accurate from local seismic data
than from global data, the linear dimension of 50 km is a
good space window for the choice of aftershocks. For the
purpose of avoiding the loss of some mainshock-aftershock
pairs with a distance between their epicenters of being larg-
er than 50 km, they took 100 km to be the space window.
Hence, the mainshock from whose epicenter the largest after-
shock has a distance of 50 - 100 km is also taken into account.
They selected 85 mainshocks (5.0 < M, < 7.7) with their in-
dividual largest aftershocks from 1973 - 2008 from the data
base of the National Earthquake Information Center (NEIC)
of USGS. The epicenters and focal depths were taken from
the CWB catalog.

We used a data set of 85 events from Chen and Wang
(2012) and add 8 mainshocks with their individual largest
aftershocks occurring during 2009 - 2015 from the data base
of NEIC. Ninety-three event-pairs with 5.0 < M, < 7.7 were
used in this study. The epicenters and focal depths of those
events were taken from the CWB catalog. The epicenters of
the mainshocks occurred during 1973 - 2008 and those dur-
ing 2009 - 2015 are shown by open circles and broad open
circles, respectively, in Fig. 4. The size of each symbol cor-
responds to the magnitude of an event: large size for M = 7,
moderate size for 6 < M, < 7, and small size for 5 < M; < 6.
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Obviously, the number of events is higher in eastern Taiwan
than in western Taiwan.

4.1 Correlation between AM and M,

Wang and Wang (1993) obtained an increase in AM
with M,, as:

AM =(-297+1.08)+(0.64 £ 0.17)M,, 3)

Chen and Wang (2012) obtained an increase in AM with
M,, as:

AM =(-0.97 +0.40) + (0.31 £ 0.07)M,, )

The plot of AM versus M,, for the data used in this
work is displayed in Fig. 5. The open and solid circles are
made, respectively for the mainshocks occurring before and
after 2008. The two symbols are also used in the subsequent
figures. Although the data points are scattered, an increase
in AM with M,, can be delineated. Hence, the regression
linear equation of AM versus M,, is:

AM=(-101£0.39) +(0.31+0.07)M,, 4)

which is shown in Fig. 5 by a broad solid line.
Equations (3) and (4) are displayed by a dashed line and a
thin solid line, respectively, in Fig. 5. Obviously, Eq. (5) is
similar to Eq. (4) and thus the broad and thin solid lines are
close to each other.

Equations (3) - (5) all exhibit dependence of AM upon
M,, as proposed by Sornette and Ouillon (2005). But, the
slope value of Eq. (3) is about two times higher than those
of Egs. (4) and (5). This might be due to systematic dif-
ferences in magnitude scales and numbers of data between
the data set used by Wang and Wang (1993) and the other
two. The number of data, especially for smaller events, used
by Wang and Wang (1993) is smaller than others. Hence,
the weighting of larger-sized events in the interference of
a regression equation would be higher for Egs. (4) and (5)
than for Eq. (3). An increase in AM with M,, is different
from Béath’s law and the observation made by Utsu (1961).
The distributions of data points suggest that there are only
low correlations between AM and M,,. Hence, each equa-
tion cannot be directly applied to predict the magnitude of
the largest aftershock from that of its mainshock.

4.2 Difference of Occurrence Times Versus M,,

Wang and Wang (1993) and Chen and Wang (2012)
observed that AT (T in the unit of day) decreases more or
less with M,,,. The data points of log(AT) versus M,, of this

Mainshocks in Taiwan 1973 - 2015 (M, 2 5.0)
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Fig. 4. The epicenters of earthquakes in use are displayed in open cir-
cles. The mainshocks occurred after 2008 are plotted by broad open
circles. Three kinds of circles with different size denote three mag-
nitude ranges: large size for M = 7, moderate size for 6 <M < 7, and
small size for 5 <M < 6. Earthquakes in eastern and western Taiwan
are separated by a dashed line.
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Fig. 5. The plot of AM versus M,,. The mainshocks occurred during
1973 - 2008 and those after 2008 are plotted by open circles and solid
circles, respectively. The broad solid line represents the regression lin-
ear equation of this study: AM = (-1.01 + 0.39) + (0.31 + 0.07)M,,.
Includes also are the thin solid line for AM = (-0.97 + 0.40) + (0.31
0.07)M,, inferred by Chen et al. (2012) and the dashed line for AM =
(-297 £ 1.08) + (0.64 = 0.17)M,, inferred by Wang and Wang (1993).
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study are shown in Fig. 6. When M,, < 6.5, the data points
are in a range of AT from 4.2 x 10~ to 10 days, while when
M,, > 6.5, most of the data points are below 0.83 day.

4.3 Difference of Epicenters Versus M,,

The data points of log(AD) (AD in the unit of km) ver-
sus M,, are demonstrated in Fig. 7. When M,, < 6.5, the data
points are distributed in a range from O - 85 km; while when
M,, > 6.5, most of the data points are below 35 km. Figure 7
cannot suggest a clear correlation between AD and M,,,, thus
making the location prediction for the largest aftershock
from M,, impossible. Nevertheless, results still show that
when M,, > 6.5 the largest aftershock would occur within an
area with a radius being less than 35 km, which is usually
the damaged area of the mainshock. This is significant for
seismic risk mitigation. The results are similar with those
obtained by Chen and Wang (2012).

4.4 Differences of Focal Depths Versus M,,

The data points of log(AH) (AH in the unit of a kilome-
ter) versus M,, are displayed in Fig. 8. Noted that the after-
shock is shallower or deeper than the mainshock when AH
> 0 or when AH < 0, respectively. When M,, < 6.5, the data
points are in a wider range from -30 to +30 km, while when
M,, > 6.5, most of them are in a range from -20 to +10 km.
Results are similar with those from Chen and Wang. (2012).

Tsapanos (1990) suggested regional-dependence of
AM. However, Chen and Wang (2012) could not find re-
gional-dependence of AM for Taiwan's earthquakes. Since
the data set of this study is similar to that used by Chen and
Wang (2012), Tsapano's conclusion cannot be confirmed by
the present data set.

4.5 Difference of Occurrence Times Versus Difference
of Epicenters

Figure 9 shows the plot of log(AT) versus log(AD). Ob-
viously, the value of AT for the open circle is in a big range
from few hours to several hundreds of days; while that for
the solid circle is longer than 1 day. The figure shows that
except for two data points associated with large events, AT
somewhat increases with AD, even though the data points are
quite scattered. Hence, it should take a longer time to trigger
the largest aftershock due to the mainshock occurrence when
the former has a longer distance from the latter. Nevertheless,
a correlation between AT and AD cannot be inferred due to
the large scattering of data points. The results are similar to
those from Chen and Wang (2012).

5. MAGNITUDE-DEPENDENT P-VALUE

Helmstetter and Sornette (2002) first pointed out the

dependence of p-value upon M,,. Ouillon and Sornette
(2005) proposed the MSA model from which seismic decay
rates after mainshocks follow the Omori’s law with a linear
increase in the p-value with M,,. Using stacked aftershock
sequences of Taiwan in different ranges of M,,, Tsai et al.
(2012) inferred an empirical linear relationship p(M,,) =
(0.11 £0.01)M,, + (0.38 + 0.02). Obviously, the p-value is
dependent upon M,,, even though the coefficient is small.
They also stressed that the coefficients of p(M,,) vary from
catalog to catalog and thus do not appear to significantly
correlate with any tectonic or structural feature.
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6. CORRELATION BETWEEN b- AND p-VALUES

The b- and the p-values demonstrate the states of frac-
ture and stress of the source area. Hence, the correlation be-
tween the two parameters provides a significant constraint
for developing a model to interpret aftershock activity. Utsu
(1961) assumed that the b- and p-values of an earthquake are
positively correlated. However, the data points of b-values
versus p-values for Japan's earthquakes in his article form a
cluster, and the correlation was not clear. Hence, his assump-
tion is questionable. Yamashita and Knopoff (1987) theoreti-
cally derived a positive correlation between b and p-values,
especially for the late-occurring aftershocks. Based on the
ETAS model, which is based on a universal GR law for all

events and an increase in the number of aftershocks with M,,,,
proposed by Kagan and Knopoff (1981, 1987), Helmstetter
and Sornette (2002) presented a positive correlation between
b- and p-values. However, the data points for nine large Chi-
nese earthquakes shown in Ma et al. (1992) exhibit a nega-
tive correlation between the two parameters. Wang (1994)
observed a negative correlation between the two parameters
from a larger set of several tens of worldwide earthquakes.

7. APPLICATION OF THE ETAS MODEL TO
TAIWAN’S AFTERSHOCKS

Due to the complex foreshocks-mainshock-aftershocks
sequence, it is often difficult in classifying an earthquake
as a foreshock, a mainshock, or an aftershock. Hence, it is
significant to find out a model for which this distinction can
be removed and able to study the observations. The ETAS
model meets this request and provides a realistic model for
aftershocks.

Kawamura and Chen (2013) applied the ETAS model
to M = 2 4 earthquakes of Taiwan. They found seismic qui-
escence over a broader region of Taiwan. In the inland areas
near the epicenter of the Chi-Chi earthquake, seismicity was
active from 1 January 1998 to 20 September 1999 before
the earthquake. They assumed that this was due to a precur-
sory slip (stress drop) on the earthquake fault plane. This
phenomenon is supported by previous studies (e.g., Kato
et al. 1997) such as a numerical simulation using rate- and
state-dependent friction laws and the observation of abnor-
mal change in crustal displacement for a station of Taiwan
GPS network near southern edge of the source area of the
Chi-Chi earthquake.

8. AFTERSHOCK TRIGGERING

Aftershocks are assumed to be driven by increases in
static Coulomb stress (SCS) on faults near the mainshock
caused by fault slip (e.g., King et al. 1994; Stein 1999,2003).
Aftershocks are limited to areas of increased SCS; while the
areas of reduced SCS (stress shadows) show low seismic-
ity (Harris and Simpson 1996). However, Ma et al. (2005)
and Felzer and Brodsky (2006) found that the SCS changes
alone fail to account for the locations of all aftershocks. Af-
tershocks located at stress shadows could be dynamically
triggered by the passage of large-amplitude seismic waves.

Since the occurrence of the 1999 Chi-Chi earthquake,
studies on aftershock triggering due to static and dynamic
stress changes caused by the mainshock have been made by
local seismologists.

8.1 Static Triggering
8.1.1 The Haulien Earthquake of 22 October 1951

Chen et al. (2008a) studied the 1951 Hualien-Taitung
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earthquake sequence, including several large earthquakes,
which ruptured along four segments of the Taitung Longi-
tudinal Valley fault. This sequence initiated on 21 October
1951 with the M;7.3 (or M,7.4) Hualien earthquake fol-
lowed by a group of M;6+ aftershocks nearby. They also
confirmed aftershock triggering by the mainshock based on
the modeled results of SCS changes.

8.1.2 The Chi-Chi Earthquake of 20 September 1999

From the SCS changes caused by the mainshock, Wang
(2000) showed that most aftershocks in the fold-and-thrust
belt might be triggered by the mainshock. Strike-slip mo-
tions near the ends of the Chelungpu fault were also likely
to be enhanced by the SCS transfer. Since the Chukou fault
was in a stress shadow, few aftershocks occurred there.
However, the Chia-Yi earthquake, which occurred a month
after the Chi-Chi mainshock, was located at an area without
SCS enhancement. He assumed that unless the large after-
shocks of the Chi-Chi mainhock altered the stress field and
promoted failure, the time lag of the Chia-Yi earthquake
might be influenced by a stress shadow.

Wang and Chen (2001) compared the distributions of
the SCS changes on the focal nodal planes both before and
after the mainshock. Since foreshocks could not be affected
by the mainshock, the difference in the distributions indi-
cates the effect of SCS triggering. They found that the SCS
change distributions on the Chukou and Meishan faults for
events before and after the mainshock were significantly
different, yet consistent with the hypothesis of static-stress
triggering. They also mentioned that because numerous af-
tershocks occurred in the stress shadows, other mechanisms,
such as dynamic stress, should be taken into account.

Wang et al. (2003) extracted the SCS (permanent)
changes from the long-period offsets in the modeled stress-
grams due to stress waves generated by the mainshock.
They related the calculated SCS changes by the mainshock
to seismicity at different depths and over different time in-
tervals to ascertain the stress change effects on aftershock
triggering. Results show that correlations between early
seismicity rates and SCS changes were low; while correla-
tions between late seismicity rates and SCS changes were
much higher. The percentage of early aftershocks at shallow
depths (0 - 10 km) in SCS-enhanced areas within 2 weeks
after the mainshock was high, yet it decreased considerably
at deeper depths (> 10 km) over longer time periods. Hence,
SCS changes at depths of 0 - 10 km triggered aftershocks
in consideration; while SCS changes at depths might be af-
fected by viscous flow and perturbed by earlier occurred
larger aftershocks.

Chan and Ma (2004) studied the relationships between
five relocated moderate-large earthquake sequences to the
existing faults. The 1993 Da-Pu earthquake resulted from an
N-E-striking, W-dipping fault, which cannot be directly con-

firmed from local geology, and thus it might be attributed to
a blind thrust. The rupture of the 1995 Nan-Ao earthquake,
which showed an EW-striking, S-dipping fault, might be
related to the Lupihsi fault. The 1997 Ruey-Le earthquake
showed a NE-SW-striking, E-dipping fault, which might be
either the Tachienshan fault or the Chukou fault. The Chia-
Yi earthquake rupture showed a NS-striking, W-dipping
fault, which cannot be directly confirmed from local geol-
ogy, and thus it might result from a blind thrust. The after-
shock distribution of the Chi-Chi mainshock clearly cov-
ered numerous nearby active faults. Hence, the mainshock
could trigger the ruptures of nearby active faults including
those events.

Maetal. (2005) compared the percentage of fault planes
on which failure occurred after the mainshock relative to
the percentage beforehand. Results show a 28% increase
for thrust faults and an 18% increase for strike-slip faults.
They also observed four lobes with statistically significant
decreasing seismicity rates of 40 - 90% for 50 months, and
thus the four lobes were coincided with the stress shadows
calculated for strike-slip faults.

8.1.3 The Pingtung Offshore Earthquake Doublets of 26
December 2006

Lin et al. (2008) stressed that the second shock and
most of their aftershocks were located in a region with an
increase in SCS generated by the first shock. They also
claimed that the strain energy for each shock had accumu-
lated independently within adjacent crustal volumes, sepa-
rated by an asperity and the second shock was triggered by
the increases in SCS due to the first one.

8.1.4 The Jiashian Earthquake of 4 March 2010

Chan and Wu (2012) observed that most of the con-
sequent events were distributed in the vicinity of a larger-
sized earthquake, and large consequent events were located
in the regions with SCS increases caused by a previous
earthquake. The results confirm interaction between large
events. By considering time-dependency, the seismicity rate
evolution was estimated based on the rate- and state-depen-
dent friction law. Results suggest that a high seismic rate
persisted, at least, until the end of 2012.

8.2 Dynamic Triggering
8.2.1 The Chi-Chi Earthquake of 20 September 1999

Fischer et al. (2008) resolved the continuous signal
of acceleration records from the mainshock into a series
of relatively short-duration discrete energy bursts through
high-frequency band-pass filtering. From these results, they
hypothesized that these bursts originated near the individu-
al stations as small, shallow events that were dynamically



782 Wang et al.

triggered by the P- and S-waves generated by the mainshock.
Their hypothesis that the bursts are local events is supported
by the observation of bursts in the 40-Hz frequency band at
distances up to 170 km from the epicenter. Nevertheless,
they cannot rule out the possibility that the bursts originated
from some non-seismic sources.

Chen et al. (2006) assumed that the bursts originated
on the Chelungpu fault plane. This assumption makes the
bursts unable be observable at this distance, assuming any
reasonable value of crustal attenuation. Based on the local
origin, Chen et al. (2006) estimated an average magnitude
of M,,0.2 for local events and a source-receiver distance of
approximately 1 km. Chen et al. (2006) extended the tech-
nique as used by Fischer et al. (2008) to lower stress lev-
els by analyzing records from a smaller (M,,5.3) event. For
this event, bursts are observed only on the accelerograms
from stations relatively close to the mainshock hypocenter.
Analysis of the combined data set from both mainshocks
suggests a stress threshold for triggering in the range 0.03
- 0.05 MPa for S-wave triggering and 0.0013 - 0.0033 MPa
for P-wave triggering, consistent with prior observations of
surface-wave triggering.

9. MODELING OF AFTERSHOCKS

The aftershock triggering mechanisms still remain
open. Mogi (1967) first related the power law to a rapid de-
crease of the stress in the source area immediately after the
mainshock. Scholz (1968) assumed that aftershocks are pro-
duced by creep rupture due to stress corrosion in stress con-
centration regions following the mainshock. Harris (2003)
summarized the aftershock triggering mechanisms: (1) The
pore pressure changes due to pore fluid flows coupled with
stress variations, slow redistribution of stress by aseismic
creep, rate-and-state dependent friction within faults, cou-
pling between the viscoelastic lower crust and the brittle
upper crust, and stress-assisted microcrack corrosion (e.g.,
Yamashita and Knopoff 1987; Lee and Sornette 2000); (2)
Slow tectonic driving of a hierarchical geometry with ava-
lanche relaxation dynamics (e.g., Huang et al. 1998); and
(3) The dynamic hierarchical models with heterogeneity,
feedbacks, and healing (e.g., Blanter et al. 1997). In addi-
tion, Gavrilenko (2005) considered the effect of hydrome-
chaical coupling on aftershocks. Obviously, aftershocks are
conventionally considered to be the offspring of the stress
alteration in the crust induced by main shocks through some
time-dependent processes like pore-fluid flow and viscous
relaxation of the lower crust and upper mantle.

Changes in the elastic modulus of materials in terms of
the change in stress with strain (cf. Scholz 1990) are widely
observed in the experimental stress-stress (or stress-strain)
curves, which are also dependent upon temperature. In the
low-strain, regime materials generally obey Hooke’s law,
that is, stress is proportional to strain with a proportional

constant, i.e., the Young modulus of elasticity. As strain be-
comes larger than a certain value, the stress-strain relation-
ships for many materials eventually deviate from the linear
one, thus showing anelastic (plastic, ductile, viscoelastic)
behavior. Micro-cracks occurring in a material can weak-
en it when its behavior is deviated from linear elasticity.
A continuum approach to the damaging process is thus to
introduce an effective Young modulus, which depends on
the damage (Turcotte et al. 2003; Shcherbakov and Turcotte
2004b). The mean-field approximation of the microscopic
fiber-bundle model suggests that the effective Young modu-
lus decreases from its intact value to zero at the failure of a
brittle material.

Chen et al. (2012) considered the decrease in elastic
modulus to be a factor in triggering aftershocks. They ap-
plied a 1-D N-degree-of-freedom dynamical spring-slider
model (Burridge and Knopoff 1967) with varying strengths
in elastic modulus as proposed by Wang (1995, 1996) to
simulate the spatiotemporal distribution of aftershocks. The
generation of aftershocks is due to delayed responses to
stress changes induced by the mainshock, that is, the me-
chanical Maxwell or Kelvin element has to be invoked in
the modeling of generating aftershocks. The dashpot in ei-
ther element produces the viscous effect, thus delaying the
response to the induced stress change. Simulation results
show spatiotemporal clustering of aftershocks associated
with a preceding mainshock. The modified Omori’s law
with p = 0.8 holds for the modeled aftershock sequences.
They thus suggested that a change of stiffness/strength in
materials plays an important role on aftershock triggering.
This is different from other models: static and dynamic trig-
gering as mentioned above, fluid effect (e.g., Yamashita
1998, and cited references herein), effect from rate-and-
state friction (e.g., Ziv and Rubin 2003, and cited references
herein), multifractal stress evolution (e.g., Ouillon and Sor-
nette 2005).

10. SUMMARY

We reviewed the studies on aftershocks in Taiwan for
the following topics: the spatial-temporal distributions and
focal-plane solutions of aftershocks of some larger-sized
earthquakes; interference of the modified Omori law of
aftershocks; the correlations between mainshock and the
largest aftershock based on the differences in magnitudes,
occurrence times, epicenters, and focal depths between
mainshocks and their largest aftershocks; magnitude-depen-
dence of p-value of the modified Omori law of aftershocks;
the correlation between the b-value of the Gutenberg-Rich-
ter’s frequency-magnitude law and the p-value; the applica-
tion of statistical models, for example, the ETAS model, to
describe the aftershock sequence; the mechanisms of trig-
gering aftershocks; and dynamic aftershock modeling.

From the studies on aftershocks in Taiwan, several
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concluding points can be obtained as described below:

(1) Studies of temporal-spatial distributions and focal-plane
solutions for mainshocks and aftershocks of 30 larger
Taiwan's earthquakes with magnitudes > 5 show that
some mainshocks and their aftershocks are consistent
with recognized faults; while others must be described
by un-recognized ones, i.e., blind faults. The identifica-
tion of a blind fault is very important for seismically ac-
tive regions, like Taiwan. From several examples, the
modified Omori's law essentially holds for the after-
shock sequences.

(2) The difference in magnitude (AM) between the main-
shock and the largest aftershock increases with the
mainshock magnitude (M,,). Although the data points of
AM versus M,, are scattered, a correlation between them,
with a scaling constant of 0.31, is inferred. However,
this correlation cannot be applied to predict the magni-
tude of the largest aftershock from that of a mainshock.
Results are not in agreement with the Béth’s law and the
observations by Utsu (1961) for Japan’s earthquakes.

(3) The dependency of AT, which is the difference of occur-
rence times between the mainshock and the largest after-
shock upon M,, is low. This is not good for forecasting
the occurrence time of the largest aftershock from that
of a mainshock.

(4) The dependence of AD, which is the epicentral distance
between the main shock and the largest aftershock upon
M,, is low.

(5) For all mainshocks examined in this study, AT somewhat
increases with AD. Only considering the mainshocks
from which the individual largest aftershocks have a
distance of 50 - 100 km, AT more or less decreases with
increasing AD.

(6) There is linear relationship between p-value and M,, for
earthquakes in Taiwan: p(M,,;,) = (0.11 £0.01)M,, + (0.38
+0.02).

(7) There is a negative correlation between the b- and p-
values from a large set of several tens of worldwide
earthquakes. This is inconsistent with theoretical expect
by Aki (1981).

(8) Seismic quiescence over a broader region of Taiwan was
observed before the 1999 Chi-Chi earthquake, consis-
tent with the ETAS model.

(9) Both static and dynamic stress changes can trigger af-
tershocks. In the high static-stress-change areas, static
triggering works very well; while in the low static-
stress-change areas, dynamic triggering must be taken
into account.

(10) Dynamic modeling shows that a decrease in elastic

modulus is a significant factor in generating after-
shocks. This is different from other models.
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